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Summary 
The principle hypothesis of this thesis is that hypoxia, in agar-based media, 
compromises rooting in vitro. From a practical point of view this is important 
because most plant tissue culture activities require the material to be successfully 
acclimatised in a nursery environment. Compromised rooting often results in 
excessive losses at this stage which are costly and inconvenient. In addition, many 
plants with commercial and/or scientific interest remain unavailable as they are not 
able to be rooted and acclimatised reliably. The use of agar as a rooting medium has 
limited the capacity of plant tissue culture to clonally propagate many plants. 
The thesis begins by demonstrating how poorly some plants respond to agar rooting 
media. Juvenile Chamelaucium hybrid microcuttings were pulsed with IBA 40 µM 
and then placed for 3 weeks on either M1 (½ MS) or aerated in vitro soil-less 
substrate (IVS) (Chapter 2). IVS had 42–82% rooting at the end of Stage 3 compared 
with 0–1% in agar. Shoot survival for IVS-rooted microcuttings was significantly 
greater than M1-rooted shoots. Pulsed shoots placed in IVS showed root primordia 
after 7 days. In contrast, shoots placed in agar showed no root primordia after 21 
days and formed callus but did not root when subsequently placed in IVS for a 
further 4 weeks. The agar medium almost totally and permanently inhibited the 
capacity of competent shoots to form root primordia and roots. 
The effectiveness of different types of aerated and non-aerated media, including IVS, 
were tested to validate the hypothesis (Chapter 3). Microcuttings from shoot cultures 
of two Australian plants Grevillea thelemanniana and  Verticordia plumosa x 
Chamelaucium uncinatum were pulsed for 7 days on a high auxin (40 µM IBA), 
agar-solidified medium in the dark. Rooting of the microcuttings was then compared 
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on five experimental substrates: a) standard agar M1 medium (½ MS, no hormones, 
8 g agar L
-1), b) porous-agar medium (½ MS, no hormones, 30 g agar L
-1, solidified 
then blended to provide aeration), c) white sand wet with liquid M1, d) white sand 
with M1 medium containing agar, and e) IVS. A separate experiment involved 
flushing the IVS soil profile with low or normal oxygen. Low and variable rooting 
percentages were recorded on the controls on M1 medium. Root induction and 
average total root length per microcutting at final harvest were significantly higher 
using the porous media including IVS, blended agar or white sand. The M1 medium 
and the addition of M1 medium to sand suppressed the percentage rooting and 
elongation. Flushing the IVS rooting medium with low oxygen also suppressed 
rooting. The experiments showed that increasing the air-filled porosity of the rooting 
medium has a positive effect on rooting and this is most likely due to the increased 
oxygen at the base of the microcutting. The role of ethylene, and the sugar and 
nutrients in M1 were not investigated. 
The efficacy of the IVS protocol on a range of Australian herbaceous and woody 
species was investigated to determine whether the observed benefits were generic or 
plant specific (Chapter 4). Improved rooting in IVS compared to agar was shown for 
28 Australian species and genotypes from the families Liliaceae, Haemodoraceae, 
Myrtaceae, Thymelaeaceae, Proteaceae, Goodeniaceae and Rutaceae. Twenty-seven 
of the 28 species rooted in IVS medium at equal or better rates than in M1. In three 
cases — Actinodium cunninghamii, one of the Pimelea physodes genotypes and one 
of the Eriostemon australasius genotypes — shoots did not root in M1 but showed 
good root development in IVS medium. With few exceptions average root length and 
number in microcuttings rooted in IVS was superior to those in agar medium. 
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To further test the resilience of the hypothesis, it was tested on nodal microcuttings 
of lentil which are recalcitrant to root in vitro (Chapter 5). The veracity of a 
published conclusion that inverted lentil microcuttings (with their base in the air) 
root better because of their altered polarity was also examined. It was found that, as 
is the case for many species, roots initiated and grew only at the proximal end of the 
microcutting regardless of its orientation. When the proximal end was in agar (a 
hypoxic environment) the rooting percentage was low (9–25%) even when the 
orientation of the microcutting was altered by inverting the culture tube. In contrast, 
when the proximal end of the microcutting was in an aerobic environment (from the 
shoot being placed upside down in agar medium or placed normally or upside down 
in an aerated medium) rooting percentages were higher (62–100%). 
Given that Stage 2 microcuttings are prepared with the objective to root and 
acclimatise them to nursery conditions, the duration of this activity becomes 
important as it can impact on plant quality and costs. The pulsing protocol and the 
length of time that Stage 3 cultures remain in the culture room during the rooting 
phase is a component of the unit cost of production of each rooted microcutting. 
Initially a 7-day IBA pulse was used after which the pulsed microcuttings were 
transferred to IVS to root. Chapter 6 shows that the pulsing period can be shortened 
to one day or replaced with a single auxin dip while still achieving high rooting 
percentages and maintaining plant quality. These materials handling improvements 
go some way to realising the logistical benefits of ex vitro rooting but without 
compromising the positive influences of hygiene and a stable environment of the in 
vitro environment. 
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The respiration rates of roots grown either in agar or IVS was investigated using 
microcalorimetry and gas exchange methods (Chapter 7). Calorimetric measurements 
were made with a Differential Scanning Calorimeter (Calorimetry Services 
Corporation) operated in isothermal mode at 25ºC. Gas exchange measurements 
were made with an infrared gas analyser (Qubit S151
® IRGA) connected to an AC 
gas pump and flow meter and the rate of CO2 production was recorded using a Lab 
Pro
® interface and Logger Pro
® software. Metabolic heat production (q) and 
respiration (RCO2) were measured on roots grown in hypoxic (M1) and porous (IVS) 
rooting environments. Gas exchange (RCO2) rates were significantly higher for roots 
(testing the entire root mass) in IVS compared with roots in agar. Metabolic heat 
production (q) from excised root tips did not give meaningful results possibly 
because of a carry-over carbohydrate effect from the agar medium or that root tips 
quickly regain normal respiration rates once removed from agar during preparation 
for testing. 
The capacity of rooted microcuttings to acquire photosynthetic competence is 
integral to their survival in the nursery. Gas exchange measurements were made with 
an infrared gas analyser (Qubit S151
® IRGA) connected to an AC gas pump and 
flow meter and the rate of CO2 uptake or production (RCO2) was recorded using a Lab 
Pro
® interface and Logger Pro
® software. These leaves were shown to have normal 
shade-adapted responses (Chapter 8) in the culture room and in the nursery. Plants 
were grown in the culture room at PAR 50 and 110 µmol m
-2 s
-1 PAR and shown to 
develop greater photosynthetic capacity when exposed to the higher light levels. 
However, Chapter 9 shows that priming of Stage 3 microcuttings with high light and 
passive ventilation did not increase the likelihood of survival in Stage 4. No survival 
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benefits or positive physical effects were shown when rooted microcuttings were 
grown in three Stage 3 environments with or without passive ventilation. This is 
most likely due to CO2 being limiting. There is no compelling reason to add higher 
levels of CO2 given the observed high survival rates. As a result, rooting percentage 
should be maximised in the simplest Stage 3 environment and once normal rooting 
has occurred, induction of photosynthetic competence and final acclimatisation can 
be done in the nursery. For species which root fast (within 14 d) the whole Stage 3 
rooting and Stage 4 acclimatisation processes can occur in the nursery.  
The main conclusion from this thesis is that the real rooting potential of many plant 
species in vitro can not be accurately determined using agar as a rooting medium. 
The consequences of using agar-rooting media for many of the plants tested, are low 
and variable rooting percentages which compromise the acclimatisation process. It is 
likely that, for many species, rooting data collected using agar as a rooting media is 
unreliable unless the media is aerated, mediating all other influences such as 
genetics, media pH, sucrose and nutrient effects, light and temperature effects, the 
effects of auxin types and concentrations and the gaseous composition of the culture 
vessel. The results of using IVS or a similar aerated rooting substrate are 
microcuttings with normal roots capable of normal adaptive physiology required in 
the nursery. 
This thesis presents a strong argument on the basis of example and thorough 
physiological studies that the suppressed rooting performance using agar-based 
rooting media is due to hypoxia-compromised physiology. Furthermore, the thesis 
demonstrates that plants rooted in IVS acclimatise normally. The applications of this 
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work include opportunities to clonally propagate many plants previously deemed to 
be recalcitrant to conventional plant tissue culture practices. 
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Chapter 1. Introduction 
 
1.1 Thesis context 
Plant propagation is the cornerstone of all horticultural pursuits. Without the means 
to reliably propagate plants, further selection, development and plant improvement is 
impossible, and further horticultural activities are curtailed. Plant tissue culture 
propagation (PTC), known as micropropagation, offers a powerful tool for selecting 
and developing elite clones asexually. In the past, PTC application to many woody 
plants has been limited due to unreliable production and variable quality (Smith et al. 
1991); a problem due largely to the inability to induce adventitious roots on 
microcuttings (Haissig et al. 1992). The failure to root is an issue with many 
Australian plants, especially woody species, which have a reputation of being 
recalcitrant to PTC (Bunn 1994). Poor rooting compromises acclimatisation 
contributing to poor control of water loss (Conner and Thomas 1981) and retards the 
development of normal whole plant physiology associated with the switch from 
heterotrophic to photoautotrophic (PA) nutrition. 
Tissue-cultured plants are similar to small rooted cuttings (Gaspar and Coumans 
1987) which must adapt their shoots and roots to normal nursery conditions. For 
either commercial or research use they need to be true to type, pest and disease free, 
and fully hardened off (physically and nutritionally). Regardless of the application, 
the overall efficiency of the PTC process is measured by its capacity to produce 
hardened off, i.e. fully acclimatised, plants in the nursery. 
Acclimatisation has been defined as a process, controlled by plant propagators to 
adapt an organism to an environmental change (Brainerd and Fuchigami 1981; 
Debergh 1991). The principal objective to managing PTC acclimatisation success is 
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to match specific plant developmental stages to the environmental transition from the 
laboratory (in vitro) to the nursery (ex vitro). Laboratory conditions, i.e. high 
carbohydrate and nutrients, low light and high relative humidity in vitro all 
contribute to problems acclimatising plants to the nursery environment (Preece and 
Sutter 1991). 
A good root system is important for enhancing survival and growth during 
acclimatisation (Bertazza et al. 1995). From a practical view point, many plant tissue 
culture activities require material to be successfully acclimatised to the nursery 
environment. Excessive losses at this stage are costly and inconvenient. The research 
presented in this thesis will argue that rooting is the fundamental first step and the 
key to managing acclimatisation. 
1.2 Aims and content of thesis 
The principal hypothesis of this thesis is that hypoxia, as it exists in agar-based 
media, compromises the rooting of plants in vitro. Increasing the air-filled porosity 
of the in vitro rooting medium will improve both root strike and acclimatisation. Air-
filled porosity is the percentage volume of a medium filled with air (Handreck and 
Black 1991). Freshly prepared solid agar medium has a dissolved oxygen 
concentration close to 0% (George and Sherrington 1993) and an air-filled porosity 
of 0%. Root dysfunction as a result of inadequate oxygenation can modify plant 
growth and development through interference in water relations, mineral nutrition 
and hormone balance (Drew and Stolzy 1996). Roots grown in agar medium exhibit 
an abnormal morphology (McClelland et al. 1990) compared to roots produced in 
soil-less nursery medium (Smith and Spomer 1995). This thesis shows that medium 
hypoxia can limit both root initiation and elongation and argues that poor rooting 
compromises the acquisition of photosynthetic competence. 
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This thesis will concentrate on Australian species as many Australian plants with 
commercial and or scientific application remain inaccessible because they are unable 
to be rooted and acclimatised reliably. The technical difficulty associated with PTC 
of Australian plants is considered to be high (Barlass and Hutchinson 1996) and is 
often associated with problems of rooting in vitro (Taji and Williams 1990). 
This thesis demonstrates the efficacy of an in vitro rooting system called IVS (in 
vitro soil-less medium) on a wide variety of Australian plants, including woody and 
herbaceous dicotyledons and monocotyledons. The context of this study is the 
horticultural science associated with applied plant tissue culture and biotechnology, 
with a focus on improving micropropagation efficiency, regardless of application, be 
it research and development or mass commercial use. Although some rooting may 
occur using agar media, this thesis argues that rooting is better in an IVS-type 
medium and that there are sound horticultural reasons why the use of porous rooting 
medium should be widely employed in PTC. 
The current PTC paradigm is still focused on the use of agar as the rooting medium 
of choice and, although considerable effort has gone into optimising the choice of 
agar (Romberger and Tabor 1971), there is no comprehensive study in the literature 
of the effects of the agar environment on in vitro rooting. Two pieces of evidence 
highlight this paradigm. Firstly a literature search of CAB Abstracts using the search 
terms microprop* and root* coupled with either agar, aeration or IVS resulted in 591, 
13 and 2 references, respectively. Secondly, a perusal of the journal In Vitro Cellular 
and Developmental Biology – Plant Vol 42 (May–June 2006) found six articles 
which refer to rooting and acclimatisation. Of these six articles, three use agar, one 
uses an airlift bioreactor to aerate stage 2 cultures and two discuss the benefits of in 
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vitro photoautotrophic growth on acclimatisation. Photoautotrophic culture systems 
will be discussed later in this chapter. 
This thesis is primarily concerned with rooting and acclimatisation and uses only 
microcuttings prepared for rooting which are physiologically normal, i.e. free from 
hyperhydricity (Debergh and Read 1991; Ziv 1991) and nutrient deficiency, are 
robust and large enough, and free of contaminating bacteria and yeasts which at low 
levels can compromise rooting. 
This thesis follows two streams, the first tests the hypothesis by example and the 
second examines some of the physiological issues associated with acclimatisation. 
This thesis begins by demonstrating how poorly some plants respond to agar rooting 
media (Chapter 2) and then the effectiveness of different types of porous and non-
porous media, including IVS, are evaluated to validate the hypothesis (Chapter 3). 
The efficacy of the IVS protocol on a range of Australian herbaceous and woody 
species was then investigated to determine whether the observed benefits were 
generic or plant specific (Chapter 4). To further test the resilience of the hypothesis, 
it was tested on nodal microcuttings of lentil which are recalcitrant to root in vitro 
(Chapter 5). Given that Stage 2 microcuttings are prepared with the objective to root 
and acclimatise to nursery conditions, the duration of this activity becomes important 
as it can impact on plant quality and costs. The possibility of shortening the auxin 
pulse time is discussed in Chapter 6. The respiration rates of roots grown either in 
agar or IVS were investigated using microcalorimetry and gas exchange methods 
(Chapter 7). Chapter 8 investigates the capacity of rooted microcuttings to acquire 
photosynthetic competence which is integral to their survival in the nursery. The two 
streams are linked in Chapter 9 where the ability of IVS-rooted microcuttings to 
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acclimatise normally is demonstrated, and in the General Discussion (Chapter 10) 
they are discussed in terms of modelling the use of porous rooting medium in 
conjunction with acclimatisation protocols. 
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Fig. 1.1. Thesis flow chart — In vitro soil-less (IVS) rooting medium. 
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1.3 The micropropagation model 
Researchers recognised the benefits of using aseptic growing conditions to study 
plant growth and development early in the 20
th century and roots have been 
extensively studied using in vitro techniques from 1922 (Robbins 1922). During this 
time, plant scientists demonstrated the necessity of oxygen for the proper functioning 
of roots. Roots were studied by direct experimentation as well as by gathering 
evidence of their whole plant role from the behaviour of other organs (Clements 
1921). The critical role of oxygen in the process of root strike was known by 1930 
(Zimmerman 1930). 
As progress in plant science continued, researchers turned their attention to the 
growth factors that controlled plant growth, with Went and Thimann (1937) 
describing the role of auxin in 1937. In 1939, Went had found that auxin had a ‘dual 
nature’, promoting the initiation of roots on cuttings and suppressing continued root 
elongation (Went 1939). 
In 1974, Toshio Murashige published his landmark paper ‘Plant Propagation through 
Tissue Culture’ (Murashige 1974). His paper proposed a PTC propagation model 
consisting of three stages — Stage 1 being the establishment of aseptic culture lines, 
Stage 2 a rapid multiplication stage and Stage 3 being the preparation of 
microcuttings for transfer to soil which Murashige defined as including shoot 
elongation and root strike. The model makes no specific mention of acclimatisation 
as it is known today. 
In 1981, Murashige’s model was ‘elaborated for commercial use’ by Debergh and 
Maene (1981) to include a stock plant preparation stage, Stage 0, and introduced the 
notion of rooting Stage 3 microcuttings ex vitro. Concurrently, Conner included 
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Stage 4, as the establishment of microcuttings in soil to the model (Conner and 
Thomas 1981) which involves the “transfer (of microcuttings) to the normal 
environment”, by which they meant the nursery environment. Griffis et al. (1983) 
defines Stage 4 as “the return of plantlets from Stage 3 to the soil and the natural 
environment”. The greenhouse propagation environment may not actually be ‘the 
natural environment’, but the intention of including the nursery is clear and we now 
refer to this transition process as acclimatisation. Stage 4 clearly signifies the transfer 
of microcuttings from the culture room to the propagation environment including the 
transition from aseptic to non-aseptic conditions, a drop in relative humidity (RH), an 
increase in photosynthetic active radiation (PAR), larger fluctuations in temperature 
and exposure to pests and diseases. The underlying developmental issues of 
acclimatisation include the adaptive physiology associated with rooting and the 
maintenance of whole plant water relations in conjunction with the establishment of 
autotrophic photosynthesis. 
In order to study in vitro rooting and acclimatisation strategies, this thesis adopts the 
following protocol to describe the process. Firstly the terms Stage 2, 3 and 4 will be 
abbreviated to S2, S3 and S4. S2 is the production of microcuttings capable of 
rooting. S3 can include both root initiation (S3.1) and root elongation (S3.2) and S4 
is acclimatisation to the nursery environment, beginning with S4.1, in a protected 
cloche environment followed by gradually hardening off the plants. A cloche is a 
light cloth tent which fits over the propagation bench increasing relative humidity 
and also acting as a shade cloth. 
1.4 Micropropagation and the physiology of rooting 
The process of adventitious root strike in plant propagation is well understood and 
there are several detailed papers on the developmental and physiological aspects of 
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root initiation, elongation, development (e.g. Haissig et al. 1992), the control of 
rooting (e.g. Moncousin 1991) and the environmental impact on the process (e.g. 
Loach 1988). A cutting is a plant lacking roots, one of its physical and physiological 
support systems (Gaspar and Coumans 1987), and anatomical similarities and 
metabolism during adventitious root formation between species suggests that the 
supporting metabolism is similar for all plants (Haissig 1974b). 
‘Poor rooting’ can mean poor root initiation and/or poor root elongation. All stages 
of root initiation, development and growth require oxygen (Armstrong and Gaynard 
1976). A shortage of oxygen limits respiration, so to maximise plant growth in liquid 
cultures, oxygen pressures often have to be raised above air levels (Girton 1979). 
Agar medium is basically a solid liquid with no porous structure. Roots grown in 
liquid medium are usually not suited for transplantation since they often lack root 
hairs (Andersen 1986). Oxygen in autoclaved agar medium is reduced by 80% and 
can take up to one week to reach a concentration of 90% of the equilibrium value at a 
depth of 1 cm (van der Meeren et al. 2001). Nevertheless, diffusion rates of oxygen 
into agar are very slow and Barrett-Lennard and Dracup (1988) were the first 
researchers to suggest that growth in agar can be modeled on waterlogging responses 
by demonstrating an 80–90% increase in Trifolium subterraneum (sub clover) root 
growth in porous agar medium. The positive effects of medium aeration on root 
respiration are well known (Gaspar and Coumans 1987) and the negative effect of 
waterlogging on the growth associated with root initiation and root elongation is well 
documented (Bradford and Yang 1981; Kawase 1981). 
Microcuttings are ‘soft’ (George 1996) and can not normally be transferred directly 
from the laboratory to the nursery without some acclimatisation process. The delicate 
nature of these plants arises because they are grown under low light intensities, 
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supplemented with nutrients and at high relative humidity. Desiccation is caused by a 
lack of normal epicuticular wax, poorly functioning stomata, roots which are unable 
to absorb water adequately to compensate for water loss in the nursery and poor 
vascular connections between roots and stems. The transition of shoot material from 
laboratory conditions to the propagation area of the nursery has focused on the role 
of water loss (Sutter 1981; 1988) and photosynthetic competency (Donnelly et al. 
1985). Root death, roots forming on leaves or callus rather than the stem and 
therefore not connected to the vascular system, an immature vascular system, a lack 
of root hairs, and roots not receiving carbohydrate from heterotrophic shoots (George 
1996) are all symptoms of root dysfunction. Thus, tissue-cultured plants are difficult 
to transplant for two main reasons: their heterotrophic mode of in vitro nutrition and 
their poor control of water loss (Conner and Thomas 1981). 
Exogenous sugar and low light levels account for low rates of photosynthesis in 
vitro. The acquisition of photosynthetic competence takes time and normally occurs 
at light levels that are higher than in culture rooms. Water loss is normally attributed 
to poorly developed epidermal tissue and stomata that tend to stay open. The stress of 
fluctuating relative humidity can be counterbalanced by the presence of normally 
functioning roots and environmental control. Functioning roots present at S4.1 may 
help to ameliorate the effect of temporarily dysfunctional stomata (Sutter 1981). If 
excessive evapotranspiration is one of the main causes for low survival rates during 
acclimatisation (van Huylenbroeck and Debergh 1996b) then the presence of 
normally functioning roots will assist the prevention of wilting. 
1.5 Ventilation effect on plant physiology and development 
One of the major constraints of the micropropagation process is poor ventilation 
(Afreen-Zobayed et al. 2000) of both the headspace (Nguyen et al. 2001) and the 
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rooting medium (Afreen-Zobayed et al. 1999). The study of the gaseous culture 
vessel headspace has been coined ‘in vitro ecology’ (Adkins et al. 2002) and 
includes other gases such as ethylene and CO2. Besides ventilating toxic gases, 
increasing the headspace ventilation also has a positive effect on leaf anatomy by 
lowering the relative humidity. In vitro-grown leaves of Brassica oleracea 
(cauliflower) (Grout and Aston 1977) and Dianthus caryophyllus (carnation) (Sutter 
and Langhans 1979) wilted when subjected to water stress during S4 but although 
epicuticular wax was poorly structured, water loss from epidermal tissue was 
minimal (Grout and Aston 1977). High transpiration rates of PTC plants are largely 
attributed to poor stomatal function (Brainerd and Fuchigami 1981) and high 
stomatal density (Desjardins et al. 1988). However, stomata of some species, such as 
Eucalyptus, have been shown to quickly adapt to normal function in propagation 
environments (Kirdmanee et al. 1996) when given short periods of lower relative 
humidity prior to acclimatisation. 
Ventilation had a positive effect on leaf drying curves of Malus (apple) leaves grown 
during S2, S3 and S4. DeKlerk (2002) showed that persistent leaves from ventilated 
culture vessels had much higher water retention capacity compared to leaves from 
non-ventilated culture vessels and the ventilated leaves were much closer to that of 
ex vitro leaves, compared to non-ventilated ones. Nguyen et al. (2001) observed that 
forced ventilation rates lower the culture vessel relative humidity which increases the 
plantlet transpiration rate, improves stomata function and generally conserves the 
plantlet’s water retention capacity. Lowering the culture vessel RH prior to 
acclimatising Chrysanthemum x morifolium (chrysanthemum) shoots (S3.2) reduced 
wilting at S4.1 (Smith et al. 1990). When S3.2 shoots cultured at 40 or 94% RH were 
compared, those grown in 40% RH had much less wilting and Smith et al. (1990) 
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also report that thicker leaves (with thicker cuticles) and improved closure of stomata 
were associated with an increased resistance to wilting. 
Plants growing in vitro have low photosynthesis rates because of low light levels, 
inclusion of a carbon (usually a sugar) energy source in the culture medium and 
possible low carbon dioxide levels in the culture vessels (Zimmerman 1995). There 
is considerable interest in developing photoautotrophic micropropagation systems by 
increasing the photosynthetic active radiation (PAR) and CO2 concentrations and 
reducing the sugar levels in vitro (Jeong 1995). The photoautotrophic growth of in 
vitro plants has been shown to be greater with increased ventilation. This growth was 
observed with porous rather than gelled medium (Nguyen et al. 2001), so 
presumably growth was also enhanced because of normal root growth. Smith et al. 
(1986) observed a marked increase in leaf photosynthesis (Pn) for Betula platyphylla 
var.  szechuanica (Asian white birch) following the rooting of S2 shoots in S3.1 
propagation plugs, followed by S3.2 in a soil/peat/perlite mix in a growth chamber. 
The improvement in Pn was attributed to improved S3.2 ventilation, nutrition and the 
presence of normal roots in the porous medium. 
Acclimatisation results with Spathiphyllum ‘Petite’ plants showed that whether or not 
plants were photosynthetically active at the beginning of S4 was of secondary 
importance (van Huylenbroeck and Debergh 1996a). Of greater importance was the 
development of new roots and leaves, as once these had formed, the S2 and S3 shoot 
pre-history was irrelevant. For general propagation, relatively low rates of 
photosynthesis are exhibited by cuttings until adventitious roots begin to emerge 
(Davis 1988). 
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1.6 S3 rooting in agar or porous medium 
The benefits of rooting in agar-based medium may be the uniform growth due to 
added carbohydrate and the benign culture room environment (e.g. constant 
temperature and light, and aseptic conditions) but this does not necessarily translate 
to improved nursery establishment. Although apple microcuttings rooted well in agar 
over a six week period, the best acclimatisation results (80%) were observed when 3-
week cultures with little root development were transferred to soil (Simmonds 1983). 
Simmonds concluded that procedures enhancing in vitro rooting (in agar) were of 
little advantage to the propagation program and microcuttings which could be rooted 
directly (S2–S4) would reduce the cost of the product. 
There is a clear distinction between roots that grow in agar and roots that grow in a 
porous medium. S3 agar-grown roots are known to be dysfunctional (Debergh and 
Maene 1981; Conner and Thomas 1981) having reduced vascular tissue with larger 
cortical cells and fewer root hairs capable of absorbing nutrients and water (Ziv 
1986). As early as 1979, Barnes (1979) reported a superior root system, vis a vis 
better branched with more root hairs, for watermelon grown on a medium of 
vermiculite compared with agar. Often roots produced in agar are not connected to 
the vascular system of the shoot resulting in restricted water transfer under stress 
(Grout and Aston 1978) or are associated with callus growth. Roots that grow in agar 
are often brittle and break or simply die after transplanting (Debergh and Maene 
1981). 
There are several examples of in vitro protocols using a ventilated rooting medium, 
similar to IVS. One of the earliest examples used an Australian carnivorous plant, 
Cephalotus follicularis (Adams et al. 1979), which rooted when S2 clumps were 
transferred to sterilised sphagnum moss in the culture room followed by a 2–3 week 
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reduction in RH to acclimatise to nursery conditions. This amounted to an ex vitro 
rooting strategy with the benefits of a sterile rooting medium and a laboratory 
environment. Other porous substrates, including sorborod plugs (Roberts et al. 1990; 
1994; Douglas et al. 1989; Kim et al. 1989), foam (Gebhardt 1985; McComb and 
Newton 1980; Roche et al. 1996), vermiculite (Rugini and Verma 1982), a 
vermiculite and gelrite mixture (Jay-Allemand et al. 1992), peat (Gebhardt and 
Friedrich 1987), rockwool (Lin et al. 1995) and coir (Gangopadhyay et al. 2002) 
have been used to overcome the problems of poor rooting in agar and to enhance 
survival on transfer to the glasshouse. Filter paper bridges have been used for woody 
Australian plants Grevillea rosemarinifolia (Ben-Jaacov and Dax 1981) and Banksia 
coccinea (Sedgley 1996). Excellent root growth for Trifolium subterraneum has been 
reported by Barrett-Lennard and Dracup (1988) using porous-agar. In all of these 
examples the rooted microcuttings were not growing in a conventional propagation 
mix and required potting up in the nursery. 
Douglas et al. (1989) describe the differences between liquid, agar and sorborod 
rooted Rosa spp. (rose) microcuttings. After 14 d, the percentage root strike using 
sorborods was 68% while in agar and stationary liquid medium it was 57% and 55% 
respectively. Root length on agar was 4.2 mm, on liquid medium 6.0 mm and on 
sorborods 11.4 mm. The large difference in root length is directly attributable to 
oxygen in the sorborods. Root systems of Trifolium subterraneum grew 80–90% 
larger in porous than non-porous agar (Barrett-Lennard and Dracup 1988). Rooting 
of Grevillea rosmarinifolia was better on ‘well-aerated filter paper bridges which 
agrees with the widely accepted notion that proteaceous roots require a well-aerated 
environment’ (Ben-Jaacov and Dax 1981). 
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1.7 S3 — rooting in vitro or ex vitro? 
Root initiation and elongation can take place in vitro or ex vitro. In vitro rooting 
occurs under aseptic conditions usually in the laboratory while ex vitro rooting takes 
place in a non-aseptic environment, usually in the propagation area of the nursery. 
For woody plant microcuttings, the initial root system infrastructure (overall vascular 
connection and development with respect to the anatomical maturity of the vascular 
cambium) is critically influenced by the choice of rhizogenesis method (Smith et al. 
1992). Traditionally, in vitro has come to mean using agar and ex vitro means using a 
nursery propagation mix. The latter is porous and this aeration has a positive effect 
on both normal root initiation and development. Typically, microcuttings rooted in 
agar only develop secondary vascular root tissues after being transferred to porous 
propagation mixes in the nursery (Smith et al. 1991). 
The advantages of rooting in vitro can be a higher final percentage root strike 
(Douglas 1984) and a more uniform root strike (Anderson 1978) as well as a much 
reduced pathogen load and a greater control over environmental conditions. The 
advantage of rooting ex vitro is principally cost saving. Although ex vitro rooting 
reduces the cost of root strike, incorporating an in vitro S3 still offers the greatest 
degree of control over the rooting process (George 1996). As well as control over the 
culture media, S3 also has a greater degree of control over environmental changes in 
temperature, light quality and quantity and relative humidity. However, if agar is 
used as the in vitro rooting medium these benefits are compromised when it comes to 
S4. Acclimatisation results with chestnut showed only half the microcuttings with in 
vitro grown roots survived compared to microcuttings with ex vitro developed roots 
(Goncalaves et al. 1998). Objections to in vitro rooting include the cost (double 
handling of single shoots, extra media and culture room space), the growth of 
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microcuttings slows when transplanted into propagation media (due to partially 
functioning root system typically associated with growth in agar), sub-optimal 
rooting when a constant auxin regime is used, particularly at high concentrations for 
long periods, and possible root damage when transplanting (Debergh and Maene 
1981). 
Once a microcutting is ready for rooting, up to three steps can be used to root and 
acclimatise it. In the one-step direct rooting protocol, the microcutting is transferred 
directly from S2 to a propagation medium in the nursery. For example, Calluna 
vulgaris, which roots poorly with auxin in agar (IAA 5 µM for 4 weeks), had up to 
94% rooting by simply transferring shoots from S2 to peat in the nursery (Gebhardt 
and Friedrich 1987). 
Many researchers use a two-step rooting protocol where they first expose 
microcuttings to low concentrations of auxin and then transfer them to the nursery. 
Exposure time may vary from a few seconds (quick dips) to weeks, sometimes 
including a dark period at the beginning of the treatment. Microcuttings of Grevillea 
rosmarinifolia were rooted by exposing them to NAA 0.5 µM for 30 days on filter 
paper bridges (Ben-Jaacov and Dax 1981), while Ceratonia siliqua (carob) 
microcuttings were rooted by continual exposure to IBA 9.8 µM for 7 days in the 
dark followed by 21 days under light (Romano et al. 2002). Speer (1993) used a 
standard 28-day S3 agar medium treatment with different auxin treatments for a 
variety of Australian plants after which they were transferred to the nursery to 
acclimatise. Page and Visser (1989) demonstrated higher rooting percentages with 
higher auxin concentrations for Chamelaucium uncinatum (Geraldton Wax) rooted 
for 6 weeks in agar. However the highest rooting percentage was associated with 
excessive callus development which was undesirable. Apple microcuttings pulsed for 
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7 days in the dark in liquid medium including IBA 1.5 µM, rooted after a further 7 
days in non-sterile S4.1 peat plugs (Zimmerman and Fordham 1985). Douglas et al. 
(1989) rooted miniature rose microcuttings using 10-day pulse in liquid medium with 
IAA 0.5 µM followed by root elongation in sorborods (cellulose plugs). 
A quicker two-step protocol incorporates the use of an auxin pulse which exposes the 
base of the microcutting briefly to a high auxin concentration, after which it is placed 
into rooting medium. This is similar to the standard horticultural practice of dipping 
cuttings into auxin powders or gels (Hartmann et al. 1997). A simple pulsing 
procedure is shown by Goncalaves et al. (1998) who successfully rooted chestnut S2 
microcuttings into a sterilised peat:perlite mix in the nursery after a quick IBA dip 
(4.9 mM for 60 s). It should be noted that the auxin concentration of the quick dip is 
normally higher than that for prolonged exposure. 
Some researchers use three-step procedures including an auxin pulse followed by 
root elongation in agar followed by transfer to the nursery. After a 5-day IBA 15 µM 
pulse, chestnut microcuttings were transferred to basal medium for a further 23 days 
after which they were transferred to a sterilised peat:perlite mix in the nursery 
(Goncalaves et al. 1998). Camellia sinensis (tea) was pulsed in IBA 493 µM for 30 
min, transferred to agar-based medium for 30 days and then transferred to a sterile 
mix of peat and soil (1:1) for a further 30 days. The physical transfer of pulsed shoots 
to an auxin free medium can be avoided using the protocol of Drew et al. (1993) who 
included riboflavin in a S3 agar medium. Cultures were kept in the dark and then 
transferred to light where the riboflavin degraded the auxin in the medium, thus 
eliminating the extra step of transferring the microcutting to auxin-free medium. 
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1.8 Recent advances in acclimatisation 
One of the key physiological adaptations that must occur during S3–S4 is the 
development of photosynthetic competency. Functional roots need to be linked to 
functioning leaves as soon as possible. Lettuce seedlings grown at 100 µmol m
-2 s
-1 
on agar had a lower maximum photosynthetic rate compared with those grown on 
porous vermiculite (Aoki and Oda 1988). This may be a beneficial effect of normal 
root physiology compared with abnormal roots produced in agar. 
Plant tissues in vitro do not photosynthesise at rates much greater than compensation 
and the inclusion of sugar generally results in a heterotrophic growth response, 
partially relying on Pn while also using sugar. In fact, carbohydrates in S2 can limit 
the photoautotrophic capacity of microcuttings (Grout and Aston 1978) by limiting 
the activity of Rubisco which catalyses the combination of CO2 with ribulose 1,5-
bisphosphate, the first step in the carbon reduction cycle (Calvin cycle) (Goodwin 
and Mercer 1972). 
Although the addition of sucrose to the S3 medium had a significant influence on 
plantlet physical characteristics for Hedeoma multiflorum (Koroch et al. 1997), it had 
no positive effect on acclimatisation in the nursery and, in general, high levels of 
sucrose in S3 do not necessarily improve ex vitro performance (Wainwright and 
Scrace 1989). In fact, improved survival rates for rose were reported when sucrose 
levels in S3 media were lowered (Langford and Wainwright 1987) which may be due 
to pre-conditioning photosynthetic ability prior to exposure to nursery growing 
conditions. 
The development of photoautotrophic (PA) culture systems has focused on the 
capacity of shoot tissues to photosynthesise and have included CO2 uptake and 
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chlorophyll analysis (Jeong 1995). Apart from enhanced auxiliary branching type 
growth, the advantages of using PA techniques for S2 material have not been proven 
(e.g. why use PA growth for adventitious budding pathways?) but there is an obvious 
requirement for photoautotrophism associated with the acclimatisation process. For 
example, there were no rooting benefits growing S2 material under photoautotrophic 
rather than heterotrophic conditions for triploid melon (Adelberg et al. 1999). In fact, 
S2 heterotrophic triploid melon shoots rooted at higher rates that S2 PA shoots 
(Adelberg et al. 1999) as well as rooting better in the laboratory compared with the 
nursery. Van Huylenbroeck and Debergh (1996a) determined that photoautotrophic 
growth in S2 was of minor concern given that the microcuttings had adequate 
nutrient reserves to root and grow new leaves. Pre-conditioning S3-rooted shoots at 
PAR of 100–200 µmol m
-2 s
-1 is considered to be advantageous (George 1996). For 
example, Zimmerman and Fordham (1985) grew apple S2 cultures at PAR 40–60 
µmol m
-2 s
-1 but rooted them in peat in a growth chamber at PAR 125–140 µmol m
-2 
s
-1. This is a good example of rooting in a porous medium as well as pre-conditioning 
the shoots prior to acclimatisation. 
1.9 Concluding remarks 
Although hypoxia has been shown to affect the rate and percentage of root strike 
(Zimmerman 1930; Soffer and Burger 1988) and the morphology of roots, for 
example in Eucalyptus (Burgess et al. 1999), the effect of hypoxia on rooting in vitro 
of Australian plants has not been studied closely. Rooting is a pre-requisite for 
acclimatisation and the formation of a functional root system is one of the essential 
steps in the acquisition of a plantlet’s ability to acquire water and mineral nutrients, 
and to respond to stress under post-vitro conditions (Nowak and Shulaev 2003) and 
thus survival in the nursery. 
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In order to acclimatise, plants need to strike roots and adjust to non-aseptic 
conditions in the nursery (Dunstan and Turner 1984). Acclimatisation involves the 
establishment of a transpiration stream associated with functional roots and shoots 
with normal stomata and the capacity to photosynthesise. It stands to reason that 
functional roots are critical to assisting the adaptive physiological transition from in 
vitro to ex vitro and they play a key role in moderating water loss, determining 
stomatal efficiency and the development of photosynthetic competency. 
Low rooting percentages, erratic and unpredictable rooting responses and long 
rooting periods are serious problems caused by rooting microcuttings in agar medium 
(Wainwright 1986). These observations led to an interest in developing PTC systems 
that root microcuttings ex vitro (Maene and Debergh 1983), which is also a cheaper 
option to in vitro rooting. As a general rule ex vitro rooting is not highly successful 
unless it is used with plants that are easy to root in the first instance. Unless root 
strike occurs rapidly, significant losses can be incurred during the ex vitro rooting 
process due to general hygiene issues (involving saprophytic and necrotic fungi and 
bacteria) and the lack of fine control over relative humidity, temperature and light in 
most nursery propagation areas. 
The principal hypothesis of this thesis is that media hypoxia, as it exists in agar-
based media, compromises the rooting of Australian plants in vitro. It predicts that 
increasing the air-filled porosity of the rooting medium will improve the rooting 
performance and this in turn normalises whole plant development during S3 and 
assists with the acquisition of photoautotrophism and improves survival during 
acclimatisation. 
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Chapter 2. The use of agar-based in vitro rooting 
medium suppresses the rooting and acclimatisation 
capacity of Chamelaucium spp. hybrids 
 
 
 
 
 
 
 
 
Chapter 2. Conventional agar-based rooting protocols do not support a 
Chamelaucium spp. breeding program using in vitro early embryo rescue 
techniques because the putative hybrids are unable to be rooted and acclimatised 
for assessment. The IVS testing model, which incorporates a sterile porous 
medium in Stage 3, is introduced. 
2.1 Abstract 
Shoot cultures of seven putative Chamelaucium spp. hybrids were initiated using an 
early embryo rescue protocol. Uniform Stage 2 microcuttings were pulsed with 40 
µM IBA overnight and allowed to root for 21 days in either agar or porous rooting 
(IVS) medium. At the end of Stage 3, four hybrids were assessed for rooting. 
Rooting was 42–82% after 3 weeks in IVS compared with a maximum of 1% in agar. 
Shoots which remained undisturbed in IVS medium for root development in the 
culture room and acclimatisation in the nursery showed higher survival than those 
removed from the medium for assessment of rooting after 21 days and then replaced 
in IVS for acclimatisation. Shoot survival of IVS-rooted microcuttings at 
acclimatisation was significantly greater than those rooted in agar. Primed shoots 
placed in IVS showed root primordia in the cortex after 7 days and roots penetrated 
the stem after 14 days. In contrast, primed shoots placed in agar showed no root 
primordia after 21 days and when these shoots were then placed in IVS to 
acclimatise they formed callus but did not root. The effect of the agar medium, 
through low oxygen and possible accumulation of ethylene, is to inhibit the capacity 
of competent shoots to form root primordia and root. 
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2.2 Introduction 
A common protocol for in vitro micropropagation is shoot multiplication followed by 
root organogenesis (Phillips 2004) and for most species rooting and root growth is 
the principle indicator of acclimatisation success (Nowak and Shulaev 2003). Root 
initiation and elongation takes place in Stage 3 (Murashige 1974) and acclimatisation 
during Stage 4 (Conner and Thomas 1981). Substantial numbers of micro-propagated 
plants do not survive transfer from the in vitro conditions of the plant tissue culture 
laboratory to greenhouse or field environments (Preece et al. 1991). These losses can 
be attributed to poor rooting in the first instance as well as a general failure to 
acclimatise physiologically, i.e. failure of the whole plant to transpire and 
photosynthesise adequately in the nursery environment. This weakness may be due 
to a poorly developed vascular system which is characteristic of agar roots 
(McClelland et al. 1990). 
The observation that juvenile material (e.g. seedling-derived) roots more easily than 
adult material has been described using Ficus pumila leaf bud cuttings (Davies et al.. 
1982). Similar results have been observed in vitro with  Eucalyptus regnans 
(mountain ash) (Blomstedt et al. 1991). This may be explained by the increase of 
rooting inhibitors with age (Hartmann et al. 1997), a phenomenon which has been 
studied when rooting stem cuttings of Eucalyptus spp. (Paton et al. 1970). In some 
cases, for example, Eucalyptus spp. (Gupta and Mascarenhas  1987) and Persea 
americana (avocado) (Pliego-Alfaro and Murashige 1987), adult difficult-to-root 
tissue can be rejuvenated, or the phase change reversed from adult to juvenile (and 
easy-to-root). In general it is accepted that seedling-derived cutting material should 
root easily. 
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Oxygen is normally required in vivo during the rooting phase for cuttings although 
different plants have greater tolerances of low air contents in propagation mixes 
(Gislerod 1983). The negative effect of hypoxia on root initiation and extension has 
been studied using aeroponics chambers (Burgess et al. 1999; Soffer and Burger 
1988). Oxygen has been shown to have a positive effect on root organogenesis in 
vitro (Pierek and Steegmans 1975). There is some ambiguity in the literature 
regarding the terms in vitro and ex vitro rooting media, in general the terms are used 
to designate a sterile Stage 3 agar medium or a non-sterile porous Stage 4 nursery 
propagation mix, respectively (McClelland et al. 1990; Smith et al. 1991). The in 
vitro soil-less medium (IVS) described in this Chapter is a porous Stage 3 in vitro, 
which in the first instance is a sterile rooting medium. 
In this chapter, microcuttings from seed-derived Stage 2 culture lines of putative 
Chamelaucium spp. hybrids were used to investigate the hypothesis that an hypoxic 
in vitro rooting medium can have a temporary or even permanent suppressing effect 
on root initiation and growth during Stage 3 and 4 cultures. 
2.3 Materials and methods 
The following notations used in this experiment, were modified from the original 
Murashige plant tissue culture micropropagation model (Murashige 1974). S2 is 
Stage 2 being shoot multiplication including shoot elongation; S3 is the rooting stage 
and may include two sub-stages: S3.1, an auxin pulse, followed by S3.2 an in vitro 
root elongation stage; and S4 is acclimatisation to ex vitro conditions. 
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Plant material 
Individual lines were initiated from putative hybrid embryos originating from a 
controlled-crossing program undertaken at the Department of Food and Agriculture, 
South Perth, Western Australia in 2004 (Table 2.1). 
 
Table 2.1. List of Chamelaucium hybrids indicating parentage. 
Hybrid code  Female  Male
1
1  C. megalopetalum 03/64A  G1/887-5 
2  C. megalopetalum 03/64A  Cardinal Chris 
3  C. lullfitzii  827/887-9 
4  C. lullfitzii  Bold Park Pale 
5  C. megalopetalum 5.5  19.02-19 
6  C. megalopetalum 5.5  C. megalopetalum 11.1 
7  C. megalopetalum 3.1  19.02-19 
1All C. uncinatum selections unless indicated. 
 
Culture medium and conditions 
Embryos were germinated on MS (Murashige and Skoog 1962) supplemented with 
0.3–1 µM BAP, 0.1–0.2 µM IBA, 20 g L
-1 sucrose, 8 g L
-1 agar (Gelita
® Food Grade 
J
*) and the pH was adjusted to 7 prior to autoclaving at 121°C and 1.05 kg cm
-2 for 
20 min. S2 shoot elongation in the culture period immediately prior to pulsing (see 
below) was achieved on the above medium supplemented with 0.3 µM BAP and 0.1 
µM IBA. Shoots were then exposed to an auxin pulse in RM 40 agar medium (½ MS 
with 40 µM IBA), 10 g L
-1 sucrose, dispensed in 40 ml aliquots into 250 ml glass jars 
and autoclaved), in the dark for 24 h at 20°C. Shoots were then transferred to either 
M1 or IVS medium (see below) and maintained at a constant temperature of 22°C 
and a 16:8 h light:dark photoperiod at a PAR level of 40 µmol m
-2 s
-1 during the root 
                                                 
* Gelita Food Grade J and Wiener-Davis Food Grade agar are identical. Wiener-Davis is referred to 
elsewhere in this thesis. 
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elongation phase. The acclimatisation environment was under a cloche in the 
propagation area of a greenhouse where relative humidity was maintained at >80%, 
temperature ranged from 18 to 25°C, daylength averaged 12 h d
-1 and the average 
light intensity at noon was approximately 100 µmol m
-2 s
-1. 
M1 medium was ½ MS (Murashige 1962) with 10 g L
-1 sucrose and 8 g L
-1 agar 
(Gelita
® Food Grade J), with the pH adjusted to 7 prior to autoclaving. IVS is a 
propagation mix comprised of sphagnum peat, coarse river sand (1–3 mm) and 
perlite (Horticulture grade P500) at a ratio of 0.5:2:2 containing 2 g L
-1 horticultural 
lime, a pre-autoclave pH of 6.8 and an air-filled porosity of 25–30%. The IVS 
medium was added to seedling punnets (Masrac™ 720 MK8LL punnet, 
approximately 45 mm H x 50 mm W x 120 mm L) watered to saturation and allowed 
to drain before sterilisation. Details of culture vessels are as described by Newell et 
al. (2003; 2005, Chapters 3 and 4). 
The M1 and auxin pulsing media were sterilised at 121°C and 1.05 kg cm
-2 for 20 
min. The IVS medium was sterilised for 60 min at 121°C and 1.05 kg cm
-2 twice for 
60 min at 121 °C and 1.05 kg cm
-2 twice, 24 h apart prior to use. 
Histology 
Samples of microcutting bases were collected at time zero and after 24 h in RM40. 
Thereafter, samples from M1 and IVS were collected on days 2, 4, 7, 14 and 21 and 
fixed in 3% gluteraldehyde in 0.05 M phosphate buffer at pH 7. The samples were 
dehydrated and embedded in wax and serial longitudinal sections of ≤10 mm basal 
sections were prepared and stained with toluidine blue prior to examination. Four 
replicates from each treatment at each sampling time were examined. 
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Experimental design 
All shoots had the same treatment up to the completion of the S3.1 pulse after which 
shoots for each hybrid were randomly divided into two lots, half for root elongation 
in M1 medium and half in IVS. Measurements for each hybrid line were determined 
from 60–144 plants (Table 2.3). 
To assess rooting in M1 and IVS medium, percentage rooting and average root 
length and root number per rooted microcutting were measured for hybrids 1–4 after 
21 days in either S3.2 M1 or IVS medium. To assess removal and the effect of 
physical transfer after rooting on acclimatisation, the shoots assessed above were all 
replanted into IVS. Both groups, those from M1 and those from IVS, were 
acclimatised for 28 days with shoot survival assessed at days 14 and 28 and 
percentage rooting recorded at day 28 (the end of S4). 
In addition, shoots from hybrids 5–7 were treated the same in S3.1 and S3.2 as 
hybrids 1–4 except that rooting was not assessed at the end of S3.2. Therefore, the 
IVS shoots were not removed and replanted but remained in the same IVS mix 
during S3.2 and S4 while the shoots in M1 medium were transferred from agar to 
IVS mix at the end of S3.2. At day 14 of acclimatisation, shoot survival was 
recorded, and at day 28 (the end of S4) shoot survival and percentage rooting were 
recorded. 
Statistical analysis 
Each hybrid was tested independently and each experiment was repeated. For each 
hybrid the treatments were arranged in a randomised design of 60–144 shoots per 
treatment, with 8–10 shoots per replicate tub or IVS punnet. Average root length per 
microcutting was determined using a digitally-acquired photograph and ASSESS
® 
software. Only data for Experiment 2 were tested for analysis of variance at the 5% 
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level using the statistical package Genstat (Windows, 6
th Edition). Percentage shoot 
survival and shoots-with-roots data were arcsine-transformed prior to analysis of 
variance. Non-transformed data are presented in tables. Means within hybrids with 
the same letter are not significantly different (P=0.05). 
2.4 Results 
S3.2 rooting performance: Hybrids 1–4 
Hybrids 1–4 had 40–80% rooting in IVS medium but none or 1% for hybrid 3 in M1 
medium at the end of S3.2 (Table 2.2). In IVS medium, hybrids 1 and 2 (C. 
megalopetalum x C. uncinatum) had lower percentages of rooting than hybrids 3 and 
4 (C. lullfitzii x C. uncinatum). Average total root lengths and root numbers per 
microcutting were greater for hybrids 3 and 4 than hybrids 1 and 2 (Table 2.2). 
Table 2.2. Percentage rooting, total average root length (mm) and root number per 
rooted microcutting at the end of Stage 3 for four Chamelaucium spp. hybrids. 
Microcuttings were harvested after 21 days in either M1 (agar) or IVS rooting 
medium. Means and SE are shown. 
Hybrid* Rooting 
medium 
Percentage 
rooting 
Average total root 
length (mm) per rooted 
microcutting 
Average root number 
per rooted microcutting
M1  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  1 
n=84  IVS  42.0 ± 6.0  18.5 ± 2.2  1.8 ± 0.2 
M1  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  2 
n=144  IVS  55.0 ± 6.0  12.4 ± 2.4  1.6 ± 0.3 
M1  1.0 ± 1.0  4.0 ± 4.0  1.0 ± 1.0  3 
n=72  IVS  81.0 ± 12.0  49.4 ± 6.4  2.4 ± 0.2 
M1  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  4 
n=120  IVS  82.0 ± 5.0  26.2 ± 3.1  2.4 ± 0.2 
*hybrid codes as in Table 2.1 and n=number of shoots tested. 
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S4 acclimatisation performance: Hybrids 1–7 
There were no deaths in S3 for any of the hybrids. Percentage S4 shoot survival at 
days 14 and 28 was always greater for IVS than M1-rooted microcuttings (Table 
2.3). At the end of S4, six hybrids had more than 50% rooting in IVS while in M1 
five hybrids had less than 5% rooting (Table 2.3). With the exception of hybrid 2, 
IVS-rooted microcuttings had significantly greater (P<0.05) survival at day 28 
compared to M1-rooted microcuttings. For example, for hybrids 3 and 7, there was a 
significant (P<0.05) difference between the number of surviving shoots at day 28 and 
the number of surviving shoots which had rooted at day 28, showing that these 
shoots can survive under these protected conditions without roots for some time. 
Table 2.3. Shoot survival after 14 days of acclimatisation and shoot survival and 
percentage rooting after 28 days of acclimatisation (end of Stage 4). Shoots from 
Stage 3 M1 rooting medium were transferred to IVS medium at the beginning of 
Stage 4 whether or not they were rooted, while those in IVS remained in the same 
medium. 
Hybrid* Rooting 
medium 
Percentage shoot survival  Percentage shoots 
with roots 
    day 14  day 28  day 28 
M1**  49.0 ± 8.00 b
1 12.0 ± 6.00 a  3.0 ± 2.00 a  1 
n=84  IVS**  83.0 ± 9.00 c  64.0 ± 12.00 bc  54.0 ± 10.00 b 
M1**  31.0 ± 10.00 b  9.0 ± 4.00 a  2.0 ± 1.00 a  2 
n=144  IVS**  55.0 ± 8.00 c  23.0 ± 8.00 ab  20.0 ± 7.00 ab 
M1**  69.0 ± 10.00 bc  56.0 ± 13.00 b  20.0 ± 8.00 a  3 
n=72  IVS**  94.0 ± 3.00 d  87.0 ± 5.00 c  79.0 ± 5.00 bc 
M1**  31.0 ± 10.00 b  9.0 ± 4.00 a  2.0 ± 1.00 a  4 
n=120  IVS**  83.0 ± 6.00 c  65.0 ± 8.00 b  54.0 ± 9.00 b 
M1**  41.0 ± 15.00 b  16.0 ± 9.00 ab  2.0 ± 2.00 a  5 
n=60  IVS  95.0 ± 2.00 c  94.0 ± 2.00 c  89.0 ± 3.00 c 
M1**  83.0 ± 10.00 c  24.0 ± 8.00 a  5.0 ± 3.00 a  6 
n=144  IVS  96.0 ± 2.00 c  68.0 ± 7.00 b  65.0 ± 7.00 b 
M1**  92.0 ± 3.00 cd  65.0 ± 7.00 b  12.0 ± 4.00 a  7 
n=108  IVS  96.0 ± 3.00 d  82.0 ± 6.00 c  80.6 ± 6.00 bc 
1means and SE with different letters for each species are significantly different at P<0.05. 
*hybrid codes as in Table 2.1, n=number of shoots tested. 
**Shoots assessed and transferred to IVS medium at end of S3.2. 
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Histology 
After pulsing with auxin, no root primordia or differences between the rooting 
treatments were observed up to and including day 4. By day 7, two of the four IVS 
samples had well-defined root primordia (Fig. 2.1) but none were seen on explants 
from the M1 medium. By day 14, three of the four IVS microcuttings had roots that 
penetrated the stem epidermis. By day 21, all of the IVS samples had roots (Fig. 2.1) 
but the M1 microcuttings had not formed any root primordia although there was 
some basal swelling and tight callus present. 
2.5 Discussion 
S3.2 rooting and S4 survival were significantly higher (P<0.05) in microcuttings 
rooted in IVS compared to M1. S3.2 rooting was almost completely suppressed in 
agar (Table 2.3) and at the end of S4, the overall average rooting for IVS was nine 
times greater compared to M1 (7% vs. 63% respectively). The high levels of rooting 
of shoots placed into IVS medium compared with those in M1, and the failure to root 
of at least 99% of shoots placed in agar after priming then transferred to IVS, shows 
that the practice of rooting in agar-based media, such as M1, suppresses rooting. 
The differences in rooting percentages observed among the hybrid lines reflect the 
results obtained from the female parent species using conventional cutting 
techniques. For example, C. megalopetalum cuttings are more difficult to root than 
C. lullfitzii (Digby Growns, pers. comm.), which was also seen in vitro with hybrids 
1 and 2 showing better rooting than hybrids 3 and 4. 
At the end of the S3.1 auxin pulse, all the microcuttings may have been competent to 
root but this was only expressed in the IVS microcuttings. After transfer of 
microcuttings from M1 to IVS media at S4.1, few of the microcuttings rooted within 
28 days (Table 2.3) but some of the M1 microcuttings survived for 28 days without 
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roots. It has been shown that the number of roots on ‘Gala’ apple microcuttings in S4 
continued to increase during the acclimatisation period (Stimart and Harbage 1993) 
which is a normal response in a healthy growing plant. The M1 microcuttings lost 
their competency to root during S3.2 and few recovered. The histology showed that 
no root primordia formed in agar-rooted shoots and the base of agar-rooted shoots 
developed a small callus rather than roots. If shoots are tested only on agar-based 
media, failure to root could be misinterpreted as recalcitrance to root or a lack of 
juvenility. 
However some species will root on agar media and the histological observations can 
be similar to those made on Chamelaucium in IVS. For example, the ontogeny of in 
vitro rooting for Eucalyptus globulus microcuttings has been described by Calderon 
Baltierra et al. (2004) where microcuttings were placed in S3.1 M1 including 9.8 µM 
IBA to root. After 3 days in the rooting medium, de-differentiation to callus at the 
base of the microcuttings occurred. Vascular nests were observed after day 6 and, by 
day 12, roots had begun to emerge, originating either from old vascular tissue or 
newly formed xylem. 
In tissue-cultured plants, poor vascular connections between the shoots and roots 
may reduce water conduction. This lack of root function as well as the inability of 
the stomata to close results in rapid wilting of tissue-cultured plants immediately 
after transplanting (Conner and Thomas 1981). In these experiments, un-rooted 
microcuttings of M1-rooted hybrids were able to survive without roots for up to 28 
days in the S4 acclimatisation environment but have a poor long term prognosis 
given they have no roots. 
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Fig. 2.1. Examples of Stage 3 hybrid 4 microcuttings 21 days in either M1 (agar) or 
IVS rooting medium. (A) IVS shoot base, day 7; (B) IVS shoot base, day 14; (C) IVS 
base, day 21; (D) M1 shoot base, day 21; (E) M1 microcuttings day 21 (top), IVS 
microcuttings day 21 (bottom). M1 microcuttings did not root over the 21 day period 
while all IVS microcuttings did. rp, root primordia; r, root; c, callus. 
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Although rooting may be the principal indicator of acclimatisation success (Nowak 
and Shulaev 2003) it should be pointed out that shoots rooted in agar medium may 
have roots with poor functional competency to supply shoots during acclimatisation. 
In juvenile Eucalyptus hybrids, S3.2 rooted microcuttings with thick short roots died 
during acclimatisation and only S3.2 microcuttings with elongated roots survived 
(Glocke et al. 2006). Glocke et al. (2006) report a 62% rooting rate in S3 agar 
medium and a 58% nursery survival, overall, just a 36% success rate for 
acclimatisation. The IVS S3.2 and S4 roots observed during this study were all 
healthy and growing, white, thin and branched. 
Physical transplantation to nursery medium causes damage and stress to the 
microcutting (Debergh 1991; McCown 1988). This can be seen in the survival data 
for IVS microcuttings of hybrids 1–4 which were double-handled to assess rooting at 
the end of S3.2. Even though the IVS shoots were well-rooted at the end of S3.2, a 
decline in survival during S4 suggests that transplanting of the IVS shoots at the end 
of S3.2 retards development (see hybrid 2; Table 2.3). This effect is more 
pronounced for roots developed in agar media which are typically brittle and snap off 
or are associated with a callus which is prone to rot. The data suggest that 
transplantation stress associated with limited root growth and development 
compromises the whole plant’s capacity to adapt. Transpiration associated with 
photosynthetic competence may be delayed until such time as normal root growth is 
re-established. In the meantime if the relative humidity control in the acclimatisation 
area is poor the shoot will suffer dehydration. 
McClelland et al. (1990) demonstrated the beneficial effect of using a porous rooting 
medium compared to agar on root initiation of three woody species and concluded 
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that the vascular system of roots grown in agar was poorly developed compared to 
roots grown in an aerobic environment. 
The positive effect of using porous medium on plant survival in the nursery has been 
demonstrated with seedling-derived shoots of chestnut (Castanea sativa Mill.). 
Microcuttings showed variable and low rooting rates (<20%) with long term 
exposure to auxin (approx. 0.5–10 µM) in agar medium (Mullins 1987). Applying 
auxin as an S3.1 dip/pulse (IBA, 1000 ppm, for up to 2 min) followed by root 
elongation in an S3.2 agar medium improved rooting rates to 90%, but these shoots 
failed to survive S4 acclimatisation. Mullins reported that the best overall survival 
results (75–100%) were obtained when microcuttings were given a S3.1 pulse in IBA 
(a dip in 1000 ppm) and rooted ex vitro in a fine pumice medium. 
Seedling-derived culture lines should not require rejuvenation (Hackett 1986). These 
results show that the use of agar-based medium for S3.2 root elongation masks the 
true rooting capacity of Chamelaucium spp. seedling-derived microcuttings. This is 
most likely due to compromised respiration at the base of the microcutting due to 
hypoxia (Amoore 1961). Inhibition of aerobic metabolism reduces root primordia 
initiation and development (Haissig 1974b) both of which require oxidative 
phosphorylation. The accumulation of ethylene near the roots can not be ruled out as 
contributing to the poor M1 performance and it is also possible that sucrose in the 
M1 medium is retarding root growth. Applied simple sugars have been shown to 
have an inhibitory effect under conditions of endogenous carbohydrate sufficiency 
(Lovell et al. 1972). 
On the basis of the agar rooting results it would be incorrect to conclude that 
Chamelaucium spp. seedling-derived microcuttings are difficult to root. The data 
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show they root well as long as the S3.2 medium is porous and that they behave as 
predicted from the general understanding of juvenility and rooting ability while the 
agar data masks the true rooting potential of the plants. Other Australian plants with 
horticultural value which may be recalcitrant in agar-based rooting systems and 
acclimatise poorly may benefit from having their rooting capacities reviewed in this 
light.
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Chapter 3. The influence of medium aeration on in 
vitro rooting of Australian plant microcuttings 
 
  Chapter 3 tests the hypothesis that medium hypoxia, due to poor aeration, is 
responsible for poor rooting by using media with different porosities for rooting of 
two species of Australian plants. 
 
 
 
 
3.1 Abstract 
Media with different air-filled porosity were compared with standard agar medium 
for root induction and root elongation for two Australian plants Grevillea 
thelemanniana and Verticordia plumosa x Chamelaucium uncinatum. Microcuttings 
from shoot cultures were pulsed for 7 days on a high auxin (40 µM IBA) agar-
solidified medium in the dark. The rooting of the microcuttings was compared on 
standard agar medium (M1, ½ MS no hormones) and on three experimental 
treatments: a) porous-agar medium (½ MS, no hormones, 30 g agar L
-1, solidified 
then blended to provide aeration), b) white sand, or white sand wet with M1 medium, 
and c) a sterile propagation mix. The protocol using the propagation mix is referred 
to as IVS (in vitro Soil). A separate experiment involved flushing the IVS soil profile 
with low or normal oxygen. The controls on M1 medium had low and variable 
rooting percentages. The rate of rooting percentage and the average total root length 
per microcutting at final harvest was significantly higher using the IVS protocol, 
porous-agar or white sand while addition of agar medium to sand suppressed the 
percentage rooting and elongation as did flushing the air space in the IVS rooting 
medium with oxygen. Other species tested on M1 medium and IVS, including, a 
Chamelaucium  megalopetalum  x C. uncinatum hybrid, Conospermum eatoniae, 
Pimelea physodes, and Verticordia grandis, all showed a significant improvement on 
the IVS system. The IVS culture technique reduces plant-handling costs. 
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3.2 Introduction 
The success of micropropagation systems can be assessed by their capacity to 
produce plants that have been successfully acclimatised (Hutchinson et al 1985; 
Kirdmanee et al. 1995; Pruski et al. 2000). Frequently, it is the lack of success of the 
rooting and acclimatisation stages that limits the overall success of micropropagation 
systems. Chapter 2 illustrated the negative effect that agar rooting medium had on 
the rooting and acclimatisation performance of Chamelaucium spp. 
The developmental process of rooting can be reduced to two general stages: root 
initiation and root elongation (Blazich 1988). Root initiation involves specific cells 
de-differentiating to form root meristems (Hartmann et al. 1997), which then 
elongate. Root initiation and root elongation have different optima for plant growth 
regulators, particularly auxin. For this reason different media treatments have been 
shown to benefit the root initiation and development phases of many species in vitro, 
including Australian species (Taji and Williams 1990; Taji and Williams 1996). A 
healthy root system will assist the acclimatisation process by helping to maintain the 
water relations of the microcutting. 
Rooting of microcuttings can be accomplished in vitro or ex vitro (McCown 1988). 
In vitro rooting occurs under aseptic conditions while ex vitro rooting does not. 
Normally in vitro rooting uses agar-based media into which shoot bases are placed 
for both root initiation and root elongation. A separate pulsing medium containing 
auxin can be used for root initiation followed by an auxin-free medium for root 
elongation. In either case, in vitro rooting using agar-based media is labour intensive 
as shoots are individually handled when they are transferred into propagation mix at 
the point of nursery establishment. In addition it is time consuming to remove the 
agar from the roots when transferring plants to the glasshouse. The cost of striking 
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roots on microcuttings can be up to one-third of the total cost of a rooted 
microcutting (Anderson et al. 1977). The roots that grow in agar-based media are 
brittle and difficult to transplant and are often dysfunctional, lacking root hairs and 
consequently may die when transferred to soil (Chapter 2). Improving 
micropropagation efficiency means minimising losses in the laboratory and during 
acclimatisation (Debergh 2000). 
Pulsing microcuttings with high auxin is commonly used to induce roots on woody 
microcuttings. High rooting rates for chestnut shoots required only a short 24 h pulse 
on IBA (Sanchez et al. 1997). James and Thurbon (1979) achieved high rooting in 
apple rootstock using a four-day IBA 10 µM liquid pulse followed by root elongation 
in agar-based medium without growth regulators. The successful rooting of a 
difficult-to-propagate almond cultivar and rose cultivars was achieved using a 14-day 
pulse on auxin followed by transfer to either agar-based medium or sterile 
vermiculite (Rugini and Verma 1982). 
Pulsed microcuttings can be struck ex vitro by transferring them directly to a 
propagation medium in the nursery in a high relative humidity environment. Ex vitro 
rooting has been demonstrated to work well for foliage plants (Debergh and Maene 
1981). Some deaths may occur, but the saving in labour costs by omitting rooting in 
vitro, makes ex vitro rooting an attractive proposition. 
Ex vitro rooting has also been successfully used for woody plant species: larch 
(Kretzschmar 1993), honeysuckle (Karhu 1997), chestnut (Mullins 1987), Calluna 
vulgaris ‘H.E. Beale’ (Gebhardt and Friedrich 1987), green ash (Kim et al. 1989) and 
chokecherry and pincherry (Pruski et al. 2000) as well as the rare and endangered 
Australian plant Grevillea scapigera (Bunn and Dixon 1992). 
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Substrates other than agar, including sorborod plugs (Roberts et al. 1990; 1994), 
foam (Gebhardt 1985; McComb and Newton 1980; Roche et al. 1996), vermiculite 
(Rugini and Verma 1982), vermiculite and gelrite mixture (Jay-Allemand et al. 
1992), peat (Gebhardt and Friedrich 1987), rockwool (Lin et al. 1995) and coir 
(Gangopadhyay et al. 2002) have been used to overcome the problems of poor 
rooting in agar and to enhance survival on transfer to the glasshouse. Filter paper 
bridges have been used for woody Australian plants Grevillea rosemarinifolia (Ben-
Jaacov and Dax 1981) and Banksia coccinea (Sedgley 1996). Excellent root growth 
for Trifolium subterraneum has been reported by Barrett-Lennard and Dracup (1988) 
using porous-agar. In all of these examples the rooted microcuttings do not grow in a 
conventional propagation mix and require potting up in the nursery. 
Many Australian species with good floricultural attributes including flowering time, 
flower colour and floral display can be grown as excellent shoot cultures but have 
poor and variable rooting and high mortality rates on transfer to soil. This has 
prevented cost-effective micropropagation, and thus the use of selected clonal lines. 
It can take up to six months to strike roots, acclimatise and produce hardened-off 
tubestock from a shoot culture of Conospermum eatoniae with only 50% success 
using conventional tissue culture techniques (Seaton and Webb 1996). Verticordia 
grandis and Pimelea physodes are two Australian species with a high priority for 
development of suitable micropropagation methods (Hutchinson et al. 1985) because 
they are difficult to propagate conventionally. 
In Chapter 2 it was shown that juvenile explants from a range of C. uncinatum 
hybrids rooted differently in two contrasting substrates: agar which is hypoxic, and 
IVS which provides an aerated substrate. 
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This study investigates the effect of substrates with a range of different porosities on 
in vitro rooting of microcuttings of several Australian species. 
3.3 Materials and methods 
Plant material 
Grevillea thelemanniana Huegel ex Endl. is an attractive amenity horticulture plant 
widely used in mass urban landscape plantings. It grows well as shoots in culture in 
vitro, but rooting can be variable on agar medium. 
Verticordia plumosa x Chamelaucium uncinatum is a selection from a Department of 
Food and Agriculture Western Australia breeding program. 
Conospermum eatoniae E. Pritz., Pimelea physodes Hooker,  Verticordia grandis 
Drummond and the hybrid Chamelaucium megalopetalum x C. uncinatum are all 
plants with attractive floristic attributes but are extremely difficult to propagate 
conventionally. Shoot cultures can be established but the plants are very difficult to 
root in vitro. 
Four experiments were designed to compare percentage rooting and root elongation 
in media with different levels of aeration. A fifth experiment examined the efficacy 
of a new protocol (the IVS medium) developed for rooting a range of Australian 
species and genotypes. A sixth experiment recorded the survival of plants in the 
propagation house. 
Microcutting preparation and pulsing with auxin 
Tip cuttings (approximately 2.5–3 cm long) of Grevillea thelemanniana and 
Verticordia plumosa x Chamelaucium uncinatum were prepared from cultures 6–8 
weeks old growing on shoot multiplication medium (described below). Similar 
microcuttings were prepared for Pimelea physodes (two selections, -1 and -2), 
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Chamelaucium  megalopetalum x C. uncinatum and Conospermum eatoniae (two 
selections, -1 and -2). Explants were placed into a high auxin-priming medium 
(RM40 described below) and after 7 days transferred aseptically to their respective 
experiments. Microcuttings on the auxin pulse medium (priming medium) were kept 
in the dark at 20°C. 
Culture conditions 
Cultures were maintained at a constant temperature of 22°C and a 16:8 h triphosphor 
natural light and dark regime at a PAR level of 50 µmol m
-2 s
-1 during the shoot 
multiplication and root elongation phases.  
Media composition and treatments 
All media with agar used food grade agar (Wiener-Davis
® Food Grade) with the pH 
adjusted to 7 prior to sterilising at 121°C and 1.05 kg cm
-2 for 20 min. Shoot 
multiplication for Grevillea thelemanniana and Pimelea physodes was on MS 
medium (Murashige and Skoog 1962) containing 20 g L
-1 sucrose, 8 g L
-1 agar. This 
medium was supplemented containing 0.3 µM BA for Verticordia plumosa x 
Chamelaucium uncinatum and Chamelaucium megalopetalum x C. uncinatum and 
with 0.3 µM BA and 0.1 µM IBA for Conospermum eatoniae. The medium used to 
pulse the microcuttings with auxin was RM40 dispensed in 40 ml aliquots into 250 
ml glass jars with clear plastic lids. The standard root elongation medium (M1) was 
½ MS containing 10 g sucrose L
-1, and 8 g L
-1 agar dispensed in 50 ml aliquots in 
250 ml polycarbonate culture vessels (Sarstedt
® Australia) with an 8 mm aeration 
hole in the lid covered with two pieces of Micropore™ surgical tape.  
Porous-agar (Barrett-Lennard and Dracup 1988) was ½ MS containing 10 g sucrose 
L
-1, and 30 g L
-1 agar. After the media had been sterilised and set, batches were 
aseptically blended with a sterile handheld blender and 50–60 ml transferred to 
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sterile 250 ml polycarbonate culture vessels (Sarstedt
® Australia) which had an 8 mm 
aeration hole in the lid covered with  two pieces of Micropore™ surgical tape. 
Porous-agar has an air-filled porosity of approximately 10%. 
Sand and sand/agar media were prepared using clean white sand which had an air-
filled porosity of 15%. This was watered to field capacity and allowed to drain 
overnight then dispensed in 60 ml volumes into 250 ml polycarbonate culture vessels 
(Sarstedt
® Australia) which had an 8 mm aeration hole in the lid covered by Teflon 
tape and sterilised at 121°C and 1.05 kg cm
-2 for 40 min. To prepare the agar plus 
sand treatment, microcuttings were pulsed on RM40 for 7 days then placed into the 
sterilised sand medium. Luke warm molten M1 medium was then added to saturate 
the sand and cover it completely by 1 mm. The medium was prepared in this way 
because if pulsed microcuttings and forceps were inserted into a solidified sand/agar 
medium they caused the formation of large cracks in the medium around the base of 
each microcutting allowing oxygen to enter the medium. 
A propagation medium comprised of sphagnum peat, coarse river sand (1–3 mm) and 
perlite (Horticulture grade P500) at a ratio of 0.5:2:2 containing 2 g L
-1 horticultural 
lime and a pre-autoclave pH of 6.8 and an air-filled porosity of 25–30% was added to 
peat pots (Jiffy A/S, Jiffy Strip
®, #300 515 91, 4 x 5 cm), watered to field capacity 
and allowed to drain. This medium is referred as ‘in vitro soil-less medium’ or IVS. 
Eight Jiffy Strip cells were placed in rectangular 1000 ml microwave-proof plastic 
take away food containers (approx. 65 mm H x 115 mm W x 170 mm L, AMGM
® 
Malaysia, C1000) covered with a lid and then sterilised for 40 min at 121°C and 1.05 
kg cm
-2 prior to use. Air-filled porosity of all media was determined using the 
method of Handreck and Black (1991). 
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Experimental design 
Experiment 1. A comparison of solid agar medium and porous-agar 
Microcuttings of G. thelemanniana and V. plumosa x C. uncinatum from the priming 
medium were transferred either to M1 or porous-agar in eight replicates of eight 
microcuttings and allowed to strike roots. Percentage rooting (as visible root tips at 
least 0.5 mm long), root number and length were assessed after 7 and 14 days. 
Experiment 2. A comparison of solid agar medium, sand and sand/agar 
medium 
Microcuttings of G. thelemanniana and V. plumosa x C. uncinatum from the priming 
medium were transferred to M1, damp sand or sand with M1 in eight replicates of 
eight microcuttings for each treatment. Percentage rooting, root number and length 
were assessed as above. 
Experiment 3. A comparison of solid agar medium and IVS medium 
Microcuttings of G. thelemanniana and V. plumosa x C. uncinatum from the priming 
medium were transferred into M1 or IVS medium in eight replicates of eight 
microcuttings. In the case of the sterilised IVS medium, a single primed microcutting 
was aseptically placed into each of the eight Jiffy Strip cells in the plastic take away 
food container, and a second identically-sized  inverted plastic take away food 
container was placed over the top as a lid and attached with a 4 cm strip of Glad™ 
plastic food wrap using standard aseptic techniques. Percentage rooting, root number 
and length were assessed as above. 
Experiment 4. A comparison of 4.5% and 21% oxygen in the soil profile on 
rooting 
Jiffy Strips were filled with IVS medium and placed on top of 1 cm water-saturated 
perlite in take away food containers, sealed with a standard flat lid, sterilised and 
allowed to cool. The lid was removed and the lower container with the Jiffy Strips 
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was wrapped under aseptic conditions with plastic food wrap (GladWrap
®) which is 
sterile as it comes off the roll. Microcuttings of G. thelemanniana from the priming 
medium were inserted into the IVS medium through small holes in the food wrap. An 
upper chamber was formed by covering the microcuttings with an inverted sterile 
food container that was connected to the lower chamber with a strip of food wrap (as 
above). The headspace relative humidity was maintained by inclusion of pieces of 
agar medium in the upper chamber. 
The lower container with the Jiffy Strips was flushed with either 4.5% or 21% 
oxygen delivered via an entry port in the bottom container. The low oxygen mixture 
was prepared by mixing nitrogen from a Prism
® Alpha Nitrogen System (Permea
®) 
with atmospheric air and monitoring the mix with an ADC 7000 Gas Analyser 
(Analytical Development Co. Ltd.). The plastic wrap prevented gas flow into the 
upper chamber. The gas exchange rate was approximately 200 ml min
-1 and the 
culture vessels were equilibrated for 24 h prior to placing primed microcuttings in 
them. Gas sampled from the lower chamber of the low oxygen treatment during the 
experiment was analysed using an Oxygen  Servomix Analyser Series 1400 and 
showed the oxygen level in the soil profile was 4.5%. The peat pots were prevented 
from drying out by watering every 48 h via an exhaust vent. Percentage rooting, root 
number and length were assessed after 14 days. There were three replicates for each 
treatment with 12 microcuttings per replicate. 
Experiment 5. A comparison of solid agar medium and IVS medium for rooting 
of six additional Australian species 
Primed microcuttings of Verticordia grandis and a hybrid plant of Chamelaucium 
megalopetalum x C. uncinatum and two selections of Pimelea physodes, and 
Conospermum eatoniae were treated as for Experiment 3. There were four replicates 
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of eight microcuttings in each treatment at each harvest. Both P. physodes selections 
were harvested at day 14 (H1) and day 28 (H2), C. eatoniae-1 and C. megalopetalum 
x C. uncinatum were harvested at day 10 (H1) and day 20 (H2) while C. eatoniae-2 
and V. grandis were harvested at day 7 (H1) and day 14 (H2). Percentage rooting, 
root number and length were assessed. 
Experiment 6. A comparison of subsequent survival in the greenhouse of 
microcuttings rooted on M1 and IVS 
Two-week old microcuttings of V. grandis, P. physodes-1 and C. eatoniae-1 in M1 
and in IVS (as prepared for Experiment 5) were transferred to the propagation 
greenhouse to be hardened off after two weeks in the culture room. The 
microcuttings in M1 were deflasked to a propagation medium comprised of 
sphagnum peat, coarse river sand (1–3 mm) and perlite (Horticulture grade P500) at 
a ratio of 0.5:2:2 with 2 g L
-1 horticultural lime in Jiffy Strips. They were placed into 
containers as for IVS (except not sterilised) and thereafter both sets of plants 
received identical treatments. The containers were placed under a cloche and the tops 
were removed after 7 days. Percentage survival and root dry weight were recorded 
after a further three weeks under the cloche in the greenhouse. There were two 
replicates of 12 plants for each species. The temperature in the cloche averaged 28°C 
during the day and 23°C at night, relative humidity was 60–85% and light intensity 
at noon on a sunny day was 150 µmol m
-2 s
-1. 
The data for all experiments were analysed by analysis of variance and the test of 
significance was determined at the 5% level. Percentage rooting data was subjected 
to arcsine-transformation prior to analysis of variance. 
 Chapter 3. Influence of medium aeration on in vitro rooting of Australian plant microcuttings  45 
 
3.4 Results 
Experiment 1. Comparison of solid agar medium and porous-agar 
The percentage rooting was higher on porous-agar for G. thelemanniana and V. 
plumosa x C. uncinatum at both day 7 and day 14 (Table 3.1). The percentage of 
rooting increased slightly in G. thelemanniana after day 7 in both media. Rooting 
was faster in porous-agar than in solid agar. In porous-agar the percentage rooting 
was greater than 90% on day 14 for both species. 
The effect of porous-agar medium on average total root length per microcutting 
became more apparent between days 7 and 14 (Table 3.1). Root length in solid media 
did not increase significantly between the two harvests. By day 14, root length for G. 
thelemanniana on porous-agar was twice that of solid agar and for V. plumosa x C. 
uncinatum the increase was more than double. Media did not affect root numbers for 
either species but roots in solid agar were short and straight, thick and unbranched. 
Those in porous-agar were longer and thinner. 
Table 3.1. Experiment 1: G. thelemanniana and  V. plumosa x C. uncinatum 
percentage rooting, average total root length and root number per microcutting at day 
7 (H1) and day 14 (H2) on agar and porous-agar medium. For each species 
investigated, different letters correspond to significant differences at a 5% level. 
Treatment Harvest Percentage 
rooting 
Average total root length 
per microcutting (mm) 
Average root number 
per microcutting 
Grevillea thelemanniana 
H 1  40.6 a  10.4 a  2.2 a 
Agar 
H 2  46.9 a  12.6 a  1.9 a 
H 1  84.4 b  8.3 a  2.7 a  Porous-
agar   H 2  90.6 b  25.7 b  3.0 a 
Verticordia plumosa hybrid 
H 1  25.0 a  5.8 a  2.2 a 
Agar 
H 2  68.8 b  13.0 a  2.3 a 
H 1  71.9 b  9.5 a  2.5 a  Porous-
agar  H 2  96.9 c  30.3 b  2.9 a 
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Experiment 2. Comparison of solid agar, sand/agar and sand medium 
Percentage rooting for G. thelemanniana was high in all media tested but greatest in 
sand at both day 7 and day 14 compared with solid agar or sand/agar medium. In 
sand/agar medium the level of rooting was similar to that recorded for solid agar 
medium (Table 3.2). Percentage rooting for G. thelemanniana did not increase after 
day 7 on any media. Percentage rooting for V. plumosa x C. uncinatum was less than 
15% on agar medium and sand/agar medium at day 7 and day 14 (Table 3.2). 
Percentage rooting for V. plumosa x C. uncinatum in sand medium increased from 
50% at day 7 to 75% on day 14. 
There was little difference between average root lengths on the various media after 7 
days for either species, but by day 14 root length for G. thelemanniana was longer on 
sand, while on sand/agar it was intermediate and for V. plumosa x C. uncinatum root 
length on sand was greatly improved. 
Root numbers did not differ between media for G. thelemanniana. For V. plumosa x 
C. uncinatum root numbers were higher in sand at both harvests and the sand/agar at 
day 14. The difference between rooting on agar medium recorded here and in 
Experiment 1 illustrates the variable results obtained using agar substrate. 
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Table 3.2. Experiment 2: G. thelemanniana and  V. plumosa x C. uncinatum 
percentage rooting, average total root length and root number per microcutting at day 
7 (H1) and day 14 (H2) on agar, sand/agar and sand medium. For each species 
investigated, different letters correspond to significant differences at a 5% level. 
Treatment Harvest Percentage 
rooting 
Average total root length 
per microcutting (mm) 
Average root number 
per microcutting 
Grevillea thelemanniana 
H 1  75.0 a  21.9 ab  5.6 a 
Agar 
H 2  87.1 a  40.3 bc  4.1 a 
H 1  75.0 a  17.9 ab  5.0 a 
Sand/Agar 
H 2  68.8 a  57.2 cd  3.9 a 
H 1  96.9 b  13.9 a  3.7 a 
Sand 
H 2  96.9 b  75.6 d  4.5 a 
Verticordia plumosa hybrid 
H 1  3.1 a  1.0 a  1.0 a 
Agar 
H 2  3.1 a  5.0 b  1.0 a 
H 1  12.5 a  0.7 a  1.3 a 
Sand/Agar 
H 2  6.2 a  5.0 b  1.5 b 
H 1  50.0 b   1.0 a  1.9 b 
Sand 
H 2  75.0 c  13.6 c  1.9 b 
 
Experiment 3. Comparison of solid agar and IVS medium 
On IVS medium rooting was rapid for both species and at a high level by day 14 
(Table 3.3). The root lengths observed on IVS for V. plumosa x C. uncinatum and G. 
thelemanniana were also greater than on solid agar. Roots in IVS media were long 
and thin compared to short swollen roots in M1 (Fig. 3.1). 
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Table 3.3. Experiment 3: G. thelemanniana and  V. plumosa x C. uncinatum 
percentage rooting, average total root length and root number per microcutting at day 
7 (H1) and day 14 (H2) on agar and IVS medium. For each species investigated, 
different letters correspond to significant differences at a 5% level. 
Treatment Harvest Percentage 
rooting 
Average total root length 
per microcutting (mm) 
Average root number 
per microcutting 
Grevillea thelemanniana 
H 1  31.2 a  5.2 a  2.1 a 
Agar 
H 2  43.8 a  19.9 a  2.1 a 
H 1  96.9 b  10.5 a  3.6 b 
IVS 
H 2  100.0 b  68.0 b  6.3 c 
Verticordia plumosa hybrid 
H 1  0.0 a  0.0 a  0.0 a 
Agar 
H 2  50.5 b  4.8 b  2.1 b 
H 1  53.5 b  1.8 ab  1.7 b 
IVS 
H 2  96.9 c  18.7 c  3.1 c 
 
Experiment 4. Comparison of 4.5% and 21% oxygen in the soil profile on 
rooting 
After 14 days percentage rooting, average total root length and root number per 
microcutting was greater for G. thelemanniana microcuttings in IVS medium flushed 
with 21% oxygen than 4.5% oxygen (Table 3.4). 
Table 3.4. Experiment 4: G. thelemanniana percentage rooting, average total root 
length and root number per microcutting. Shoots were primed on agar medium with 
40 µM IBA for 7 days and then transferred to IVS medium that was flushed with 
4.5% or 21% oxygen for 14 days. Values with the same letters are not significantly 
different at a 5% level. 
Treatment Percentage 
rooting 
Average total root length 
per microcutting (mm) 
Average root number 
per microcutting 
4.5% oxygen  66.7 a  40.4 a  4.3 a 
21% oxygen  97.2 b  117.8 b  6.9 a 
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Fig. 3.1. Experiment 3 (A) Grevillea thelemanniana microcuttings on M1 and (B) 
IVS after 14 days; (C) Pimelea physodes-1 microcuttings on M1 and (D) IVS after 
28 days; (E) Conospermum eatoniae-1 on M1 and (F) IVS after 10 days. Bar equals 
1 cm. 
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Experiment 5. A comparison of solid agar medium and IVS medium for rooting 
of six additional Australian species 
Percentage rooting was higher in IVS medium for all plants tested and at both 
harvest times compared to solid agar medium (Table 3.5). There were differences 
between the selections of C. eatoniae. The greatest advantage of the IVS protocol 
was seen in V. grandis and both P. physodes species. 
Except for C. megalopetalum x C. uncinatum, the average total root length per 
microcutting was longer at both harvest times for IVS compared to solid agar 
medium (Table 3.5). The greatest differences in average total root length in IVS were 
seen in both C. eatoniae genotypes. After 10 days, C. eatoniae-1 showed marked 
differences in root growth (Fig. 3.1) and after 20 days the root length in IVS was 55 
times greater than in M1 solid agar. 
Root numbers were the same for C. megalopetalum x C. uncinatum and C. eatoniae-
2 at both harvest times. For V. grandis, C. eatoniae-1 and both P. physodes species 
root numbers were higher in the second IVS harvest. 
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Table 3.5. Experiment 5: Percentage rooting, average total root length and root 
number per microcutting at two harvest times on agar and IVS medium for six 
Australian species. For each species investigated, different letters correspond to 
significant differences at a 5% level. 
Treatment Harvest Percentage 
rooting 
Average total root length 
per microcutting (mm) 
Average root number 
per microcutting 
Pimelea physodes-1 
H 1   12.5 a  4.5 a  2.3 a 
Agar 
H 2   18.8 a  86.2 b  4.2 ab 
H 1   28.1 a  24.6 a  3.8 ab 
IVS 
H 2   56.2 b  147.5 c  6.0 b 
Pimelea physodes-2 
H 1   0.0 a  0.0 a  0.0 a 
Agar 
H 2   18.8 b  198.0 b  2.2 b 
H 1   34.4 b  24.0 a  3.1 b 
IVS 
H 2   65.6 c  319.0 c  4.7 c 
Chamelaucium megalopetalum hybrid 
H 1   62.5 a  24.4 a  2.6 a 
Agar 
H 2   65.6 a  94.3 b  2.9 a 
H 1   78.1 a  13.7 a  2.3 a 
IVS 
H 2   87.5 a  119.1 b  3.3 a 
Verticordia grandis 
H 1   0.0 a  0.0 a  0.0 a 
Agar 
H 2   6.3 a  1.9 a  2.0 b 
H 1   65.6 b  2.1 a  1.7 b 
IVS 
H 2   90.6 c  23.8 b  2.4 c 
Conospermum eatoniae-1 
H 1   34.4 a  2.7 a  1.5 a 
Agar 
H 2   68.8 b  7.8 a  2.9 a 
H 1   62.5 b  15.7 a  4.2 a 
IVS 
H 2   93.8 c  162.6 b  6.4 b 
Conospermum eatoniae-2 
H 1   18.8 a  22.0 a  5.8 a 
Agar 
H 2   40.6 ab  8.0 a  3.7 a 
H 1   34.4 a  42.0 a  5.5 a 
IVS 
H 2   65.6 b  441.0 b  4.9 a 
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Experiment 6. A comparison of subsequent survival in the greenhouse of 
microcuttings prepared as in Experiment 3 
There were no significant differences in survival percentage and dry root weight per 
microcutting observed between IVS and M1 plants (Table 3.6). 
 
Table 3.6. Experiment 6: Percentage survival and root dry weight after 4 weeks in 
the propagation house for three Australian species. Primed microcuttings were placed 
in M1 or IVS in the culture room for two weeks and then transferred to the 
propagation house. The M1 microcuttings were deflasked into non-sterile IVS 
propagation mix. For each species investigated, different letters correspond to 
significant differences at a 5% level. 
Species  Medium  % Survival  Root dry weight 
(mg/microcutting) 
Verticordia grandis  M1  96.0 a  2.7 a 
  IVS  100.0 a  8.1 a 
Pimelea physodes-1  M1  33.3 a  3.3 a 
  IVS  58.4 a  3.8 a 
Conospermum eatoniae-1  M1  92.0 a  8.9 a 
  IVS  100.0 a  20.0 a 
 
Table 3.7. Percentage rooting and time to root for a range of Grevillea species and 
hybrids propagated in vitro. 
Species  % rooting  Time (weeks)  Reference 
Grevillea biternata 
G. crithmifolia 
G. ‘Crosbie Morrison’ 
G. petrophiloides 
G. pinaster 
G. ‘Robyn Gordon’ 
G. ‘Robyn Gordon’ 
G. rosmarinifolia 
G. scapigera 
70 
83 
98 
30 
85 
60 
87 
85 
67 
6 
4 
3 
4 
4 
3 
4 
4 
5 
Williams et al. 1985 
Watad et al. 1992 
Gorst et al. 1978 
Watad et al. 1992 
Watad et al. 1992 
Gorst et al. 1978 
Watad et al. 1992 
Ben-Jaacov and Dax 1981
Bunn and Dixon 1992 
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3.5 Discussion 
The rate of rooting, percentage of rooted microcuttings and average total root length 
per microcutting for G. thelemanniana and  V. plumosa x C. uncinatum hybrid 
increased when the rooting substrate was changed from a solid agar medium to 
porous-agar, sand or IVS (Tables 3.1–3.3). Roots on both species were so vigorous in 
the IVS medium that after two weeks in the culture room they were penetrating the 
walls of the Jiffy Strips. 
Rooting results for other Australian species using the IVS medium were always 
better than for solid agar (except for the C. megalopetalum x C. uncinatum hybrid 
root length at H1) and showed that some genotypic differences were evident in the 
IVS treatments (Table 3.4). The greatest difference in percentage rooting was 
observed with V. grandis after 14 days with 6.3% in M1 medium compared with 
90.6% in IVS. The greatest differences in average total root length per microcutting 
between solid agar and IVS rooting protocols was seen in the two C. eatoniae 
genotypes, with relative improvements of 55 times for C. eatoniae-1 and 20 times for 
C. eatoniae-2. Average root numbers per microcutting were relatively uniform across 
treatments although higher numbers were seen for G. thelemanniana and the V. 
plumosa x C. uncinatum hybrid (Table 3.3) and for P. physodes-2 and V. grandis 
(Table 3.5). 
G. thelemanniana microcuttings in IVS had 97% rooting in 7 days (Table 3.3) which 
is much faster and higher compared to other reports for a range of micropropagated 
Grevillea species and hybrids (Table 3.7). The structure of the roots was also 
different on the two media. Roots of this and other species were shorter and swollen 
in solid agar and longer, thinner and branched in IVS medium (Fig. 3.1). 
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Zimmerman (1988) described roots grown in agar as inefficient since they possess 
few or no root hairs and may have poor vascular connections within the stem of the 
microcutting. Roots in IVS systems grow faster than those in agar and this trend is 
carried through to the nursery (Table 3.6). There were no deaths of any microcuttings 
in the nursery although deaths of unrooted cuttings would be expected once the 
plants were removed from the high humidity of the cloche. 
Freshly prepared solid agar medium has a dissolved oxygen concentration close to 
0% (George and Sherrington 1993). The medium will reach 90% equilibrium with 
the oxygen level in the culture vessel headspace within 7 days (van der Meeren et al. 
2001) but the final concentration is still less than 3% oxygen, much lower than 
atmospheric oxygen at 21%. 
Percentage rooting and average total root length per microcutting for G. 
thelemanniana in IVS flushed with 4.5% oxygen was lower than IVS flushed with 
atmospheric levels of oxygen (Table 3.4). The low oxygen concentration in the solid 
agar medium compared to the aerated-medium possibly contributes to the low 
rooting and slower root growth observed. This limited oxygen supply is one reason 
why for some species shoots root better ex vitro than in vitro (Pierek 1987). 
Barrett-Lennard and Dracup (1988) attributed poor growth of Trifolium 
subterraneum in agar-based media to hypoxia in the root zone. They demonstrated 
that root growth in porous-agar was 80–90% greater compared to solid agar medium. 
Comparing the rooting and root growth results in this study against the soil results 
with 4.5% oxygen or 21% oxygen suggest that hypoxia is limiting root initiation and 
root elongation in agar-based media in vitro. 
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Soffer and Burger (1988) showed that dissolved oxygen is essential to root formation 
and root growth. Using an aero-hydroponic system they confirmed that lowering the 
dissolved oxygen concentration increased the time required to form adventitious 
roots and reduced rooting percentages, numbers of roots formed per cutting and 
average root lengths. In contrast, van der Meeren et al. (2001) concluded that oxygen 
uptake out of gelled medium is negligible. Some plants may access adequate oxygen 
for rooting either via the shoot stem or through the insertion point of the shoot base 
into the agar profile. Roots in solid agar medium may develop aerenchyma or may 
have high levels of anaerobic respiration due to the carbohydrate substrate added to 
the MS medium that would in part compensate for a lack of normal aerobic 
respiration. It is also possible that rapid diffusion of other gases such as carbon 
dioxide and ethylene, a known by-product of anaerobic respiration and the wounding 
reaction (de Klerk 2002), may be necessary for high rooting ability. 
In general there was a clear relationship between improved rooting and root growth 
in aerated medium compared to solid agar medium in all the Australian woody 
species tested. Similar positive effects of aeration on the rooting of microcuttings 
have been reported for G. rosmarinifolia (Ben-Jaacov and Dax 1981), red raspberries 
(Gebhardt 1985), walnut (Jay-Allemand et al. 1992), conifers (Rancillac et al. 1982) 
(Mohammed and Vidaver 1988), sweetgum (Lin et al. 1995), waratah (Offord and 
Campbell 1992) and watermelon (Barnes 1979). 
A similar uniform increase in root numbers between aerated and agar-rooted 
microcuttings was not observed in this study although significantly higher root 
numbers per microcutting were recorded for several IVS-treated plants. 
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Australian woody species have been shown to differ widely in adventitious root 
production in vitro in response to auxins, light and pH (Williams et al. 1985). It is 
unlikely that these factors alone explain the consistent improvement of rooting when 
IVS or other aerated media are used. Also the positive effect of higher sucrose levels 
on acclimatisation as demonstrated by Williams et al. (1992) for another Australian 
plant, Lechenaultia formosa do not apply to IVS treatments which are sugar-free. 
IVS forward integrates sterile nursery propagation mix into the in vitro S3 rooting 
stage. Although rooting results in porous-agar and sand are similar to IVS, the 
preparation of porous-agar is time consuming and each of these treatments still 
necessitates the transfer of the rooted microcuttings to propagation mix. This costly 
double-handling would normally occur when the rooted microcuttings are transferred 
to the nursery for establishment. IVS is 33% less labour intensive compared with any 
other in vitro strategy involving an agar pulse followed by root elongation in solid 
agar and transfer to propagation mix. Because IVS microcuttings are pulsed and then 
transferred directly to sterile propagation mix this eliminates the use of solid agar as 
a medium for root elongation. Furthermore growth checks due to mechanical damage 
are also avoided and striking roots directly into a horticultural substrate, such as IVS, 
will add commercial advantage to the micropropagation process (Maene and 
Debergh 1985). 
IVS reduces the fungal and bacterial hygiene management issues encountered during 
ex vitro rooting and it avoids root damage incurred during conventional deflasking. 
This is particularly so for species such as Pimelea physodes which in agar produces 
very brittle roots at right angles to the stem, and is thus particularly difficult to 
transfer to soil (Fig. 3.1). 
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Micropropagation techniques have been established for many Australian plants (Taji 
and Williams 1996) but numerous woody plants have proved recalcitrant. The 
application of the IVS culture technique improves rooting in a range of species and 
in the case of C. eatoniae and P. physodes, a range of genotypes. IVS can be easily 
adapted to plug systems that are integral to commercial micropropagation schemes 
(McCown 1986). 
The survival rate of IVS microcuttings in the nursery is comparable to conventional 
agar rooting. A more normal root anatomy and an increased root length per 
microcutting at the establishment phase may assist in maintaining water relations 
during acclimatisation. The success of the IVS protocol for a wide range of 
Australian species suggests that IVS would be useful for other difficult to propagate 
woody plants. The application of IVS will be further investigated in Chapters 4 and 
5. 
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Chapter 4. A novel in vitro rooting method employing 
porous medium with wide application to the 
Australian flora 
 
 
 
 
 
 
Chapter 4 builds on the results of Chapter 3 by demonstrating the widespread 
efficacy of the IVS model on 29 different Australian plants from seven different 
plant families including monocots and dicots. 
4.1 Abstract 
The beneficial influence of a porous propagation medium for in vitro cultures during 
the rooting phase was demonstrated for 28 Australian species and genotypes from the 
families Goodeniaceae, Haemodoraceae, Liliaceae, Myrtaceae, Proteaceae, Rutaceae 
and Thymelaeaceae. Microcuttings from established shoot cultures were pulsed for 7 
days in the dark on an agar-solidified medium with high auxin (40 µM IBA). The 
microcuttings were then transferred either to an agar-solidified medium without plant 
growth-regulators (M1) or a sterile propagation mix. The protocol using propagation 
mix is referred to as IVS (in vitro soil-less medium). The pulsed cuttings in agar or 
IVS were placed in the culture room under standard light and temperature regimes 
and allowed to root. When compared over two harvest times, using IVS as a rooting 
medium had better results than using M1 medium for percentage rooting, average 
total root length and root number per microcutting. Twenty seven of the 28 species 
tested rooted in IVS medium at equal or better rates than in M1. In three cases, 
shoots of Actinodium cunninghamii and one genotype each of Pimelea physodes and 
Eriostemon australasius did not root in M1 but showed good root development in 
IVS medium. With few exceptions, average root length and root number in 
microcuttings rooted in IVS was superior to those recorded in agar medium. The 
materials handling advantages and application of IVS are discussed. 
 Chapter 4. Novel in vitro rooting method employing porous medium with wide application to Australian flora  60 
 
4.2 Introduction 
Australian flora is recognised as having a high commercial value with wide nursery 
and amenity horticultural applications including landscaping, revegetation, 
production of essential oils and food products, foliage plants and cut flowers 
(Watkins 1985). The use of valuable species, as well as the conservation of rare and 
endangered ones, requires a suitable means of propagating selected plants (Bunn and 
Dixon 1996). Many Australian plants have proved particularly recalcitrant when 
propagated by seed or cuttings. Micropropagation offers an efficient alternative in 
multiplication of selected genotypes for various horticultural uses. 
Although many Australian plants have been propagated using plant tissue culture 
(Taji and Williams 1990), in vitro rooting can be difficult (Johnson 1996) and several 
Australian plant species have been shown to root in response to very specific 
hormone, medium, pH and light regimes (Williams et al. 1985). The formation of a 
functional root system is an essential step in the acquisition of a plantlet’s ability to 
acquire water and mineral nutrients, as well as an ability to respond to stress under 
post-vitro conditions (Nowak and Shulaev 2003) and to survive in the nursery. 
The objective of this research was to compare a standard in vitro rooting protocol 
using a conventional agar rooting medium with a porous rooting medium called IVS 
(in vitro soil-less medium) previously developed in Chapter 3 (Newell et al. 2003). 
The rooting performance of a range of Australian micropropagated plants including 
rooting percentage, average root length and root number per microcutting was 
assessed. 
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4.3 Materials and methods 
Plant material 
Shoot cultures were sourced from plant tissue culture laboratories at the Department 
of Food and Agriculture in Western Australia and the Department of Agriculture 
New South Wales. All species are of horticultural value and wide utilisation is 
expected if efficient micropropagation protocols can be developed. The species were 
tested in groups as follows: 
(1) Monocotyledons: 
(a)  Dianella revoluta R. Br. (Liliaceae),  Anigozanthos  rufus Labill. and A. 
pulcherrimus Hook. cv. ‘Yellow Gem’ (Haemodoraceae). 
(2) Dicotyledons 
(a) Goodeniaceae: three Lechenaultia formosa R. Br. genotypes, two Anthotium 
rubriflorum (F. Muell.) ex. Benth. genotypes and Goodenia ovata Smith. 
(b) Myrtaceae: two Verticordia grandis J. L. Drumm. selections (V. grandis-1, a 
seedling and V. grandis-2, an adult selection), Actinodium cunninghamii Schauer., 
a Chamelaucium uncinatum Schauer. selection, and a Verticordia plumosa (Desf.) 
Druce x Chamelaucium uncinatum Schauer. hybrid. 
(c) Proteaceae: three Conospermum eatoniae E. Pritz. genotypes, C. amoenum 
Meisner., C. spectable E. M. Benn and C. brownii Meisner. 
(d) Rutaceae: two Eriostemon australasius Pers. genotypes. 
(e) Thymelaeaceae: six Pimelea physodes Hook.genotypes. 
Culture medium 
M1 medium was ½ MS (Murashige 1962) containing 10 g L
-1 sucrose and 8 g L
-1 
agar and had the pH adjusted to 7 prior to autoclaving. The auxin pulsing medium 
was M1 supplemented containing 40 µM IBA. IVS medium comprised sphagnum 
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peat, coarse river sand (1–3 mm diameter) and perlite (Horticulture grade P500) at a 
ratio of 0.5:2:2 containing 2 g L
-1 horticultural lime and a pre-autoclave pH 6.8 and 
an air-filled porosity of 25–30%. The IVS medium was added to seedling punnets 
(Masrac™ 720 MK8LL punnet), watered to field capacity and allowed to drain 
before being placed separately into 1 L plastic take-away food containers for 
sterilisation. Culture vessels are described by (Newell et al. 2003) and Chapter 3. 
The M1 and auxin pulsing media were sterilised at 121°C and 1.05 kg cm
-2 for 20 
min and the IVS medium for 40 min prior to use. 
Microcutting preparation 
Monopodial or sympodial microcuttings were prepared and cut ends placed into 
pulsing medium (M1 with 40 µM IBA) for 7 days in the dark at 20°C and shoots 
were then transferred aseptically to either M1 containing no growth regulators or IVS 
medium for root initiation and elongation. Cultures were maintained at a constant 
temperature of 22°C and a 16 h photoperiod at a PAR level of 50 µmol m
-2 s
-1 during 
the root elongation phase. 
For each species, on each medium, four culture punnets each containing eight shoots 
were used for each of two harvests. The first harvest was at day 7 and the second at 
day 14 except for the Pimelea physodes genotypes where the first harvest was at day 
14 and the second at day 28 and the two Eriostemon australasius selections that were 
harvested at day 21 and day 42. Percentage rooting was recorded and the average 
root number and length per microcutting was determined. 
Statistical analysis 
Each species was tested independently in a completely randomised design. The data 
for all experiments were analysed by analysis of variance (ANOVA) using SPSS 
(version 11.5). Treatment means were compared by Tukey’s HSD multiple 
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comparison procedure at the 5% level. Percentage rooting data were subjected to 
arcsine-transformation prior to analysis of variance. 
4.4 Results 
Monocotyledons: Haemodoraceae and Liliaceae 
An interaction for percentage rooting for Anigozanthos rufus (Table 4.1) showed that 
at Harvest 1 there was no difference between IVS and M1 while at Harvest 2 
percentage rooting in M1 had not significantly improved but in IVS there was a 
significant (P<0.05) increase to a maximum of 100%. Percentage rooting at Harvest 
2 was higher on IVS medium but not significantly (P<0.05) different from agar 
medium for either Anigozanthos ‘Yellow Gem’ (Haemodoraceae) or Dianella 
revoluta (Liliaceae). D. revoluta rooted faster and at a higher rate in IVS medium 
compared to M1 at Harvest 1 and had a significant (P<0.01) effect for both medium 
and harvest. All three species showed significant harvest effects for average total root 
lengths and for A. rufus and D. revoluta root lengths at Harvest 2 were significantly 
(P<0.05) greater in IVS medium. Root numbers were less variable between 
treatments. There was a harvest effect for all three species but this was only 
significantly greater (P<0.05) for Anigozanthos ‘Yellow Gem’ in IVS at Harvest 2. 
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Table 4.1. Effect of agar (M1) or IVS medium on percentage rooting, total root 
length and root number per rooted microcutting of Anigozanthos rufus and A.‘Yellow 
Gem’ (family Haemodoraceae) and Dianella revoluta (family Liliaceae) at two 
harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Anigozanthos rufus 
H1  50.0 ± 10.2 a 7.3 ± 1.8 a  2.0 ± 0.3 a 
M1 
H2  71.9 ± 7.9 a  30.9 ± 3.5 a  6.9 ± 0.5 b 
H1  68.8 ± 8.1 a  29.7 ± 6.8 a  2.3 ± 0.2 a 
IVS 
H2  100.0 ± 0.0 b 183.5 ± 46.6 b  9.0 ± 1.2 b 
Medium (M)  ***
1 ** ns 
Harvest (H)  ***  **  *** 
M x H  *  ns  ns 
Anigozanthos ‘Yellow Gem’ 
H1  65.6 ± 12.9 a 9.0 ± 2.2 a  1.6 ± 0.3 a 
M1 
H2  87.5 ± 7.2 bc 56.3 ± 5.3 b  5.1 ± 1.1 b 
H1  78.1 ± 9.4 ab 18.9 ± 4.4 a  1.8 ± 0.2 a 
IVS 
H2  93.8 ± 6.3 c  80.9 ± 18.3 b  7.9 ± 1.0 c 
Medium (M)  ns  ns  ns 
Harvest (H)  ns  ***  *** 
M x H  ns  ns  ns 
Dianella revoluta 
H1  53.1 ± 7.9 a  12.7 ± 2.4 a  2.4 ± 0.3 a 
M1 
H2  93.8 ± 3.6 b  57.0 ± 4.0 a  4.0 ± 0.2 b 
H1  90.6 ± 6.0 b  46.0 ± 8.1 a  4.0 ± 0.8 b 
IVS 
H2  100.0 ± 0.0 b 125.0 ± 20.4 b  5.6 ± 0.6 b 
Medium (M)  **  **  * 
Harvest (H)  **  ***  * 
M x H  ns  ns  ns 
Each harvest at day 7 (H1) and day 14 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant. Within each separate species and measured criterion, values with the same letter 
are not significantly different by Tukey’s HSD procedure (P≤0.05). 
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Dicotyledons: Myrtaceae 
All plants showed significant medium effects due to higher percentage rooting in 
IVS medium (Table 4.2). Actinodium cunninghamii only rooted in IVS medium at 
Harvest 2. V. grandis-2 and the V. plumosa hybrid did not root in M1 medium at 
Harvest 1. There was no significant (P<0.05) difference in the percentage rooting of 
the  C. uncinatum selection at either harvest in either media. The V. grandis-1 
seedling genotype rooted significantly (P<0.05) faster in IVS although the final 
rooting percentages were not significantly different at Harvest 2, while the V. 
grandis-2 adult genotype rooted significantly (P<0.05) better in IVS at both harvests. 
The V. plumosa hybrid showed significant (P<0.05) improvements in IVS at Harvest 
2 for all measured criteria. The V. grandis-1 seedling genotype average root lengths 
were significantly (P<0.05) greater at both harvests in IVS compared to M1 (Table 
4.2) and except for the C. uncinatum, average root length per microcutting was 
always significantly (P<0.05) greater in IVS medium compared with M1 at Harvest 
2. Root numbers were greater in IVS medium at Harvest 2 for all plants tested. 
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Table 4.2. Effect of M1 or IVS medium on percentage rooting, total root length and 
root number per rooted microcutting of Actinodium cunninghamii, Chamelaucium 
uncinatum, Verticordia grandis and a V. plumosa hybrid at two harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Actinodium cunninghamii 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  0.0 ± 0.0 a  --  -- 
H1  0.0 ± 0.0 a  --  -- 
IVS 
H2  56.3 ± 14.9 b 13.6 ± 4.0  2.9 ± 0.4 
Medium (M)  **  na  na 
Harvest (H)  **  na  na 
M x H  **  na  na 
Chamelaucium uncinatum 
H1  62.5 ± 5.1 a  24.4 ± 9.3 a  2.6 ± 0.4 a 
M1 
H2  65.6 ±14.8 a 94.1 ± 29.4 ab  2.9 ± 0.7 a 
H1  78.1 ± 12.9 a 13.6 ± 5.6 a  2.3 ± 0.3 a 
IVS 
H2  90.6 ± 6.0 a  113.0 ± 8.3 b  3.2 ± 0.3 a 
Medium (M)  *  ns  ns 
Harvest (H)  ns  ***  ns 
M x H  ns  ns  ns 
Verticordia grandis-1 
H1  28.1 ± 10.7 a 3.2 ± 1.5 a  1.4 ± 0.5 a 
M1 
H2  71.9 ± 3.1 ab 14.8 ± 1.8 b  2.2 ± 0.2 ab 
H1  90.6 ± 6.0 b  11.5 ± 1.9 b  2.9 ± 0.2 b 
IVS 
H2  96.9 ± 3.1 b  47.3 ± 3.1 c  3.3 ± 0.2 b 
Medium (M)  ***  ***  *** 
Harvest (H)  *  ***  * 
M x H  ns  ***  ns 
Verticordia grandis-2 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  6.3 ± 3.6 a  1.9 ± 1.6 a  1.0 ± 0.6 a 
H1  65.6 ± 14.8 b 2.1 ± 0.8 a  1.7 ± 0.1 a 
IVS 
H2  90.6 ± 6.0 b  23.9 ± 3.6 b  2.4 ± 0.2 a 
Medium (M)  ***  ***  * 
Harvest (H)  ns  ***  ns 
M x H  ns  na  na 
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Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Verticordia plumosa hybrid 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  50.0 ± 7.2 b  4.8 ± 1.2 a  2.1 ± 0.2 a 
H1  53.1 ± 9.4 b  1.8 ± 0.3 a  1.7 ± 0.1 a 
IVS 
H2  96.9 ± 3.1 c  18.8 ± 1.6 b  3.0 ± 0.2 b 
Medium (M)  ***  ***  ** 
Harvest (H)  ***  ***  ** 
M x H  ns  na  na 
Each harvest at day 7 (H1) and day 14 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant, na not applicable. Within each species and measured criterion, values with the 
same letter are not significantly different by Tukey’s HSD procedure (P≤0.05). 
 
Thymelaeaceae 
Percentage rooting was higher at both harvests in IVS medium compared to M1 for 
all six Pimelea physodes genotypes (Table 4.3). After 14 days in M1 (Harvest 1), P. 
physodes-4 had formed no roots and less than 10% of shoots had rooted at Harvest 2 
The percentage of rooting in IVS at Harvest 1 was significantly (P<0.05) greater than 
for shoots in M1 at both harvests 1 and 2, and was even higher (P<0.05) Harvest 2. 
P. physodes-5 only rooted in IVS at Harvest 2. For P. physodes-6 percentage rooting 
was significantly (P<0.05) greater in IVS compared to M1 for both harvests. Except 
for genotype 4 average total root lengths were greater in M1 medium at Harvest 2; 
the difference was significant (P<0.05) for genotype 6. Root numbers were not 
significantly (P<0.05) different between media for all genotypes. 
 Chapter 4. Novel in vitro rooting method employing porous medium with wide application to Australian flora  68 
 
Table 4.3. Effect of M1 or IVS medium on percentage rooting, total root length and 
root number per rooted microcutting of six clones of Pimelea physodes at two 
harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Pimelea physodes-1 
H1  12.5 ± 7.2 a  14.4 ±11.0 a  3.8 ± 2.8 a 
M1 
H2  46.9 ± 3.1 ab  72.3 ± 6.0 a  6.2 ± 1.2 a 
H1  31.3 ± 13.0 ab 8.8 ± 3.5 a  2.7 ± 1.0 a 
IVS 
H2  68.8 ± 10.8 b  30.5 ± 21.2 a  5.9 ± 1.2 a 
Medium (M)  *  ns  ns 
Harvest (H)  **  **  ns 
M x H  ns  ns  ns 
Pimelea physodes-2 
H1  31.9 ± 8.1 a  11.8 ± 4.0 a  3.0 ± 0.8 a 
M1 
H2  68.8 ± 12.0 ab 101.8 ± 21.7 b  3.6 ± 0.6 a 
H1  50.0 ± 5.1 ab  17.9 ± 7.7 a  2.7 ± 0.5 a 
IVS 
H2  81.3 ± 3.6 b  85.1 ±10.7 b  5.5 ± 0.3 a 
Medium (M)  ns  ns  ns 
Harvest (H)  ***  ***  * 
M x H  ns  ns  ns 
Pimelea physodes-3 
H1  3.1 ± 3.1 a  3.0 ± 3.0 a  1.3 ± 1.3 a 
M1 
H2  31.3 ± 12.0 a  90.2 ±43.7 a  3.4 ± 1.1 a 
H1  12.5 ± 8.8 a  5.0 ± 3.0 a  1.4 ± 1.0 a 
IVS 
H2  46.9 ± 10.7 a  49.8 ± 15.5 a  4.3 ± 0.7 a 
Medium (M)  ns  ns  ns 
Harvest (H)  **  *  * 
M x H  ns  ns  ns 
Pimelea physodes-4 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  9.4 ± 6.4 a  24.3 ± 51.5 a  3.1 ± 0.7 ab 
H1  34.4 ±6.0 b  82.8 ± 5.6 a  1.0 ± 0.5 a 
IVS 
H2  75.0 ± 8.8 c  316.6 ± 49.5 b  4.7 ± 0.4 b 
Medium (M)  ***  **  ** 
Harvest (H)  **  **  ns 
M x H  *  na  na 
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Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Pimelea physodes-5 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  0.0 ± 0.0 a  --  -- 
H1  0.0 ± 0.0 a  --  -- 
IVS 
H2  18.8 ± 3.6 b  26.4 ±17.0  3.1 ± 0.9 
Medium (M)  ***  na  na 
Harvest (H)  ***  na  na 
M x H  ***  na  na 
Pimelea physodes-6 
H1  62.5 ±5.1 a  92.5 ± 9.2 a  10.6 ± 0.3 a 
M1 
H2  79.2 ± 2.9 b  319.4 ± 68.9 c  11.9 ± 1.7 a 
H1  81.3 ± 2.6 b  78.5 ± 10.4 a  9.0 ± 0.5 a 
IVS 
H2  100.0 ± 0.0 c  189.4 ±18.1 b  10.2 ± 1.1 a 
Medium (M)  ***  *  ns 
Harvest (H)  ***  ***  ns 
M x H  **  ns  ns 
Each harvest at day 14 (H1) and day 28 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant, na not applicable. Within each measured criterion, values with the same letter are 
not significantly different by Tukey’s HSD procedure (P≤0.05). 
 
Goodeniaceae 
Except for the Lechenaultia-2 genotype all plants tested had higher rooting 
percentages at both harvests in IVS medium (Table 4.4). The Anthotium rubriflorum-
6 genotype rooted poorly in M1. The A. rubriflorum-5 genotype had better root 
growth in M1 compared to IVS and an interaction showed a significant (P<0.05) 
increase in M1 root growth at Harvest 2 which was not seen for IVS. Goodenia ovata 
total root length per microcutting were similar in M1 at Harvest 1 or 2 and IVS at 
Harvest 1 but increased significantly (P<0.05) in IVS at Harvest 2. Lechenaultia-1 
average root length per microcutting was significantly (P<0.05) greater in IVS 
compared to M1 at both harvests. A harvest effect on root growth was observed for 
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all plants except A. rubriflorum-6. Root numbers per microcutting were variable but 
generally showed an increase at Harvest 2. An exception was Lechenaultia-3 in 
which at Harvest 1, shoots in IVS had significantly (P<0.05) greater root numbers 
while at Harvest 2 shoots in M1 had significantly higher numbers of (P<0.05).  
Table 4.4. Effect of M1 or IVS medium on percentage rooting, total root length and 
root number per rooted microcutting of Anthotium rubriflorum, Goodenia ovata, and 
Lechenaultia at two harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Anthotium rubriflorum-5 
H1  9.4 ± 6.0 a  4.5 ± 3.1 a  1.3 ± 0.8 a 
M1 
H2  40.6 ± 11.8 b  36.7 ± 6.3 c  3.9 ± 0.6 a 
H1  31.3 ± 6.3 ab  5.5 ± 1.9 ab  2.0 ± 0.4 a 
IVS 
H2  56.3 ± 8.1 b  13.0 ± 4.4 b  3.2 ± 0.6 a 
Medium (M)  **  *  ns 
Harvest (H)  *  **  ** 
M x H  ns  *  ns 
Anthotium rubriflorum-6 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  9.4 ± 9.4 a  0.7 ± 0.7 a  0.4 ± 0.4 a 
H1  59.4 ± 12.9 ab 6.6 ± 2.5 a  2.3 ± 0.3 ab 
IVS 
H2  90.6 ± 6.0 c  30.4 ± 14.2 a  6.0 ± 1.9 b 
Medium (M)  ***  *  ** 
Harvest (H)  **  ns  * 
M x H  ns  na  na 
Goodenia ovata 
H1  78.1 ± 7.9 a  10.6 ± 2.0 a  3.0 ± 0.4 a  M1 
H2  75.0 ± 8.8 a  26.0 ± 3.1 a  3.5 ± 1.2 a 
H1  84.4 ± 6.0 a  17.8 ± 5.8 a  3.3 ± 0.4 a  IVS 
H2  93.8 ± 3.6 a  133.5 ± 39.7 b  6.2 ± 1.4 a 
Medium (M)  ns  *  ns 
Harvest (H)  ns  **  ns 
M x H  ns  *  ns 
Lechenaultia-1  
M1  H1  45.8 ± 7.8 a  3.2 ± 0.8 a  2.1 ± 0.4 a 
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Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
  H2  95.8 ± 2.9 b  27.7 ± 3.0 ab  5.9 ± 0.8 ab 
H1  66.7 ± 10.6 ab 12.9 ± 4.2 b  4.8 ± 1.2 ab 
IVS 
H2  100.0 ± 0.0 b  97.3 ± 13.4 c  9.1 ± 0.7 b 
Medium (M)  *  ***  ** 
Harvest (H)  ***  ***  *** 
M x H  ns  **  ns 
Lechenaultia-2 
H1  66.7 ± 10.6 a  11.2 ± 1.1 a  4.7 ± 0.2 a 
M1 
H2  91.7 ± 2.9 a  63.1 ± 4.7 ab  10.9 ± 0.8 b 
H1  79.2 ± 2.9 a  15.3 ± 4.1 a  6.4 ± 1.1 ab 
IVS 
H2  87.5 ± 5.1 a  85.7 ± 25.1 b  16.1 ± 1.2 c 
Medium (M)  ns  ns  ** 
Harvest (H)  *  ***  *** 
M x H  ns   ns  ns 
Lechenaultia-3  
H1  87.5 ± 5.1 a  5.1 ± 0.3 a  5.3 ± 0.2 a 
M1 
H2  100.0 ± 0.0 a  46.7 ± 4.8 c  10.8 ± 0.5 d 
H1  91.7 ± 5.9 a  26.5 ± 0.4 b  7.5 ± 0.4 b 
IVS 
H2  100.0 ± 0.0 a  64.2 ± 3.6 d  8.9 ± 0.4 c 
Medium (M)  *  ***  ns 
Harvest (H)  ns  ***  *** 
M x H  ns  ns  *** 
Each harvest at day 7 (H1) and day 14 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant, na not applicable. Within each species and measured criterion, values with the 
same letter are not significantly different by Tukey’s HSD procedure (P≤0.05). 
 
Proteaceae 
Overall rooting percentages for Conospermum species were low (Table 4.5) except 
for C. eatoniae-2 with 93% and C. eatoniae-3 with 68% in IVS at Harvest 2. Overall, 
compared to M1, a higher rooting percentage was observed in IVS for both harvests. 
Root lengths were low and not significantly (P<0.05) different for C. amoenum, C. 
brownii and C. spectable over either media or harvest. Average total root lengths for 
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C. eatoniae-2 and C. eatoniae-3 had a similar interaction where significant (P<0.05) 
increases were only seen in IVS at Harvest 2. Root numbers were significantly 
(P<0.05) greater in IVS at Harvest 2 for C. eatoniae genotypes 1 and 2. 
Table 4.5. The effect of M1 or IVS medium on percentage rooting, total root length 
and root number per rooted microcutting of Conospermum aemonum, C. brownii, C. 
eatoniae and C. spectable at two harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Conospermum amoenum 
H1  12.5 ± 5.1 a  2.6 ± 1.1 a  1.0 ± 0.0 a  M1 
H2  15.6 ± 6.0 a  2.3 ± 1.0 a  2.8 ± 2.0 a 
H1  21.9 ± 6.0 a  1.8 ± 0.7 a  1.9 ± 0.2 a  IVS 
H2  25.0 ± 5.1 a  2.7 ± 1.1 a  1.6 ± 0.2 a 
Medium (M)  ns  ns  ns 
Harvest (H)  ns  ns  ns 
M x H  ns  ns  ns 
Conospermum brownii 
H1  6.3 ± 3.6 a  1.0 ± 0.0 a  1.5 ± 0.5 a  M1 
H2  6.3 ± 3.6 a  2.0 ± 1.0 a  1.5 ± 0.5 a 
H1  25.0 ± 7.2 a  3.5 ± 1.3 a  1.8 ± 0.4 a  IVS 
H2  31.3 ± 10.8 a  3.3 ± 0.6 a  2.2 ± 0.3 a 
Medium (M)  **  **  * 
Harvest (H)  ns  ns  ns 
M x H  ns  ns  ns 
Conospermum eatoniae-1 
H1  0.0 ± 0.0 a  --  --  M1 
H2  40.6 ± 6.0 b  5.8 ± 0.9 a  1.4 ± 0.2 a 
H1  15.6 ± 6.0 ab  12.5 ± 0.1 a  3.0 ± 1.3 a  IVS 
H2  43.8 ± 12.0 b  60.7 ± 17.1 b  4.0 ± 0.4 a 
Medium (M)  ns  **  ns 
Harvest (H)  **  *  ns 
M x H  ns  na  na 
Conospermum eatoniae-2 
H1  34.4 ± 3.1 a  2.7 ± 0.5 a  1.5 ± 0.3 a  M1 
H2  65.6 ± 6.0 ab  11.8 ± 2.6 a  3.0 ± 0.5 a 
IVS  H1  62.5 ± 11.4 ab 21.3 ± 6.6 a  4.1 ± 0.7 ab 
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Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
  H2  93.8 ± 3.6 b  166.6 ± 30.1 b  6.3 ± 0.4 b 
Medium (M)  **  ***  ** 
Harvest (H)  **  ***  *** 
M x H  ns  ***  ns 
Conospermum eatoniae-3 
H1  18.8 ± 3.6 a  9.3 ± 2.7 a  3.9 ± 0.7 a  M1 
H2  37.5 ± 13.5 ab 22.1 ± 18.0 a  5.8 ± 3.4 a 
H1  34.4 ± 6.0 ab  41.8 ± 10.9 a  5.0 ± 0.9 a  IVS 
H2  68.8 ± 10.8 b  485.7 ± 82.8 b  5.6 ± 1.3 a 
Medium (M)  *  *  ns 
Harvest (H)  *  **  ns 
M x H  ns  **  ns 
Conospermum spectable 
H1  18.8 ± 8.1 a  4.1 ± 1.2 a  4.4 ± 2.2 a  M1 
H2  25.0 ± 8.8 a  9.9 ± 5.6 a  6.4 ± 3.1 a  
H1  25.0 ± 11.4 a  14.4 ± 2.2 a  5.8 ± 0.4 a  IVS 
H2  31.3 ± 10.8 a  19.6 ± 12.9 a  5.3 ± 2.1 a 
Medium (M)  ns  ns  ns 
Harvest (H)  ns  ns  ns 
M x H  ns  ns  ns 
Each harvest at day 14 (H1) and day 28 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant, na not applicable. Within each measured criterion, values with the same letter are 
not significantly different by Tukey’s HSD procedure (P≤0.05). 
 
Rutaceae 
Eriostemon australasius-1 showed a significantly (P<0.05) higher percentage of 
rooting in IVS than in agar (Table 4.6) but there was no difference in root length and 
number. In contrast, Eriostemon australasius-2 only rooted in IVS medium. 
Significant medium effects for root length and number were observed for both 
genotypes. 
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Table 4.6. Effect of M1 or IVS medium on percentage rooting, total root length and 
root number per rooted microcutting of Eriostemon australasius at two harvests. 
Medium Harvest  Percentage 
rooting 
Average total root length 
per rooted microcutting 
(mm) 
Average total root 
number per rooted 
microcutting 
Eriostemon australasius-1 
H1  6.3 ± 3.6 a  13.5 ± 3.5 a  1.0 ± 0.0 a 
M1 
H2  6.3 ± 3.6 a  44.0 ± 27.0 a  2.0 ± 1.0 a 
H1  62.5 ± 5.1 b  32.6 ± 7.0 a  2.0 ± 0.3 a 
IVS 
H2  78.1 ± 6.0 b  92.9 ± 26.3 a  2.3 ± 0.3 a 
Medium (M)  ***
1 * ** 
Harvest (H)  ns   ns   ns 
M x H  ns  ns  ns 
Eriostemon australasius-2 
H1  0.0 ± 0.0 a  --  -- 
M1 
H2  0.0 ± 0.0 a  --  -- 
H1  18.8 ± 8.1 ab 33.3 ± 13.8 a  1.9 ± 0.7a 
IVS 
H2  37.5 ± 10.2 b 74.7 ± 17.1 a  2.1 ± 0.3a 
Medium (M)  **  na  na 
Harvest (H)  ns  *  ns 
M x H  ns  na  na 
Each harvest at day 21 (H1) and day 28 (H2) included four culture vessels each with eight 
plants. Data are shown as mean ± standard error, ***P<0.001, **P<0.01, *P<0.05, ns not 
significant, na not applicable. Within each measured criterion, values with the same letter are 
not significantly different by Tukey’s HSD procedure (P≤0.05). 
 
4.5 Discussion 
When compared with the agar-solidified M1 medium, the use of IVS propagation 
mix gave better or comparable results to M1 in terms of rooting percentage and 
average total root length and number per microcutting. Twenty seven of the 28 
species and genotypes rooted at higher percentages in IVS at Harvest 2, and in 11 
species this increase was significantly greater. Species which rooted in IVS but not 
M1 were Actinodium cunninghamii (Table 4.3), Pimelea physodes-5 (Table 4.2) and 
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Eriostemon australasius-2 (Table 4.6). There were no species that rooted in M1 but 
not in IVS. 
The rate of rooting was faster in the porous IVS medium. Every species tested had a 
higher percentage rooting at Harvest 1 in IVS medium than in M1. Plants such as P. 
physodes-4 (Table 4.2), Verticordia grandis-2 (Table 4.3), the V. plumosa hybrid 
(Table 4.3), Anthotium rubriflorum-6 (Table 4.4) and Conospermum eatoniae-1 
(Table 4.5) had no roots at Harvest 1 in M1 medium. The Chamelaucium uncinatum 
(Table 4.3), Conospermum brownii (Table 4.5) and E. australasius-1 (Table 4.6) 
selections did not increase their rooting percentages between Harvest 1 and 2 when 
cultured in agar medium. Speer (1993) reported that C. uncinatum cv. Purple Pride 
had 100% rooting after 4 weeks on a range of media containing IBA or NAA; the 
lower rooting rates in this experiment with the C.  uncinatum selection may be 
genotypic. 
There are several examples where microcuttings had better root lengths or numbers 
in M1 compared to IVS. For example, root lengths in P. physodes-1, 2, 3 and 6 
(Table 4.2) and A. rubriflorum-5 (Table 4.4) and root number in Anigozanthos 
‘Yellow Gem’ (Table 4.1) but given that rooting percentage is paramount, these 
differences are not critical. Overall the trend was for greater root lengths in IVS 
medium while root number was more variable. The beneficial effect of using an 
aerated conventional propagation medium is particularly evident in the average total 
root lengths per microcutting in the three C. eatoniae genotypes (Table 4.5), P. 
physodes-4 (Table 4.2), Goodenia ovata (Table 4.4) and Anigozanthos rufus (Table 
4.1). 
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The IVS rooting technique worked well for woody perennial dicotyledonous species 
such as Myrtaceae (Table 4.3), P. physodes selections (Table 4.2) and for herbaceous 
monocotyledons such as Dianella revoluta (Table 4.1) and the Goodeniaceae species 
(Table 4.3). IVS worked equally well for plants with different growth habits e.g. 
species that grow monopodially such as Chamelaucium uncinatum (Table 4.3) and 
the Verticordia plumosa hybrid (Table 4.3) or sympodially such as Anigozanthos 
rufus (Table 4.1) and the Anthotium rubriflorum and Lechenaultia selections (Table 
4.4). 
The IVS protocol is effective for a range of selected genotypes of particular species. 
This can be seen with Conospermum eatoniae (Table 4.5) where percentage rooting 
and average total root length were improved for all three genotypes in IVS. 
Significant improvements in IVS were also observed in the P. physodes (Table 4.3) 
selections. Although the magnitude of the benefits varied between genotypes, IVS 
was also successfully applied to a number of genotypes of Lechenaultia (Table 4.4), 
E. australasius (Table 4.6) and Anthotium rubriflorum (Table 4.4). Previous research 
on a single genotype showed that E. australasius roots after six weeks on agar 
medium (Plummer and de Fossard 1981). In their work, naphthalene acetic acid (31.6 
µM) and a small amount of benzyladenine (0.03 µM) were required to attain a 
maximum of 40% rooting. 
Establishing juvenility to improve rooting is an accepted strategy in plant tissue 
culture propagation (McCown 1988) and the results with the two V. grandis species 
(Table 4.3) suggest that using a porous medium such as IVS can help to overcome 
recalcitrant rooting habits of culture lines initiated using adult selections. Using agar 
medium to root microcuttings may mask the acquisition of juvenility. 
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Poor rooting limits successful planting out of microcuttings (de Fossard 1981) and is 
a major obstacle in micropropagation (de Klerk 2002). Losses at the acclimatisation 
stage due to poor rooting reduce output and make the product too expensive to be 
commercially viable (Barlass and Hutchinson 1996). 
IVS medium introduces a sterile Stage 4 propagation medium for use in Stage 3 and 
thus eliminates the need to remove rooted microcuttings from agar when they are 
transferred to the nursery. By using the IVS protocol, labour costs can be 
substantively reduced, thus lowering the cost per plant. Damage incurred during the 
conventional transplanting of microcuttings rooted in agar medium increases the 
chances for root and/or stem diseases induced by Fusarium and Pythium (Debergh 
and Maene 1981). 
Modifying culture media has been shown to alleviate, sometimes greatly, genotypic 
restrictions on in  vitro regeneration of adventitious organs (Haissig and 
Riemenschneider 1988). Some aspects of culture, such as medium aeration, the 
influence of CO2 (Matysiak and Nowak 1996) and ethylene (Gonzalez et al. 1997), 
may not be adequately considered when determining optimum rooting protocols. For 
example, medium hypoxia has been shown to limit in  vitro root initiation and 
elongation (Newell et al. 2003) and this observation is the basis of the IVS protocol. 
Any CO2  and ethylene effects on root growth will be ameliorated by improved 
diffusion in media with pore spaces compared with semi-solid agar substrate. 
The reduced exposure time to IBA and the rapid rooting rate of many plants in IVS 
suggests that it may be possible to shorten the overall in vitro rooting period thus 
saving culture room expenses. Microcuttings rooted in the IVS system have an 
advantage over ex vitro rooting of shoots as possible environmental stresses such as 
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desiccation due to low relative humidity (McCown 1988) and temperature 
fluctuations can be avoided. 
Several areas require further investigation. Principally, the nature of the auxin pulse 
(i.e. duration and concentration) (Chapter 6), propagation medium specificity 
(medium type has been shown to affect rooting in the rare plant Stackhousia tryonii 
(Bahatia and Batia 2002) and the adaptive physiology associated with the acquisition 
of complete photoautotrophic growth (Chapters 8 and 9). The major challenges in the 
production of high-quality, vigorous plantlets are, while in vitro, the enhancement of 
their post-transplanting ability for water management, efficiency of photosynthesis 
and resistance to diseases (Nowak and Shulaev 2003). 
The IVS technique may have wide application to improve quality and lower costs of 
tissue-cultured Australian plants required for a variety of applications including 
horticultural and conservation purposes. 
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Chapter 5. Aeration is more important than shoot 
orientation when rooting lentil microcuttings in vitro 
 
 
Chapter 5 tests the veracity of the hypothesis of Chapter 3 on Lens culinaris cv. 
‘Digger’ microcuttings, a non-Australian plant from a genus with a reputation of 
being difficult to root in vitro, a disadvantage in view of its great importance to 
agriculture. 
 
 
 
 
 
5.1 Abstract 
Rooting in vitro was examined for lentil nodal segments to test a recently published 
conclusion that shoot orientation has an effect on rooting. As with many species, 
roots initiated and grew only at the proximal end of the microcutting regardless of its 
orientation. When the proximal end was in agar (an hypoxic environment) the 
rooting percentage was low (9–25%) even when the orientation of the microcutting 
was altered by inverting the culture tube. In contrast, when the proximal end of the 
microcutting was in an aerobic environment (from the shoot being placed upside 
down in agar medium or placed normally or upside down in an aerated medium) 
rooting percentages were higher (62–100%). Medium aeration at the proximal end of 
the microcutting is more important than shoot orientation for in vitro rooting of lentil 
microcuttings. 
5.2 Introduction 
Pulse crops have long been considered to be recalcitrant to cell and tissue culture, 
with lentils among the most difficult from which to regenerate whole plants due to 
problems of root induction (Fratini and Ruiz 2002). Development of reliable rooting 
protocols is a pre-requisite for the effective use of early embryo rescue (Polanco and 
Ruiz 2001) and general micropropagation systems by plant breeders and geneticists 
(Ahmad et al. 1997). Traditional rooting studies in vitro focus on the application of 
phytohormones, especially auxins, in order to induce a rooting response. The 
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frequency of root formation in lentil is dependant on cultivar and Stage 2 medium 
(Polanco  et al. 1988). Rooting percentages in vitro of 40% are considered good 
(Polanco and Ruiz 2001) and when shoots were rooted ex vitro, 10% success was 
reported. Williams and McHughen (1986) describe an ex vitro rooting protocol with 
11% success. Although micro-grafting is successful for a number of lentil cultivars 
(Gulati  et al. 2001) a reliable conventional in vitro rooting method is highly 
desirable. 
Fratini and Ruiz (2003) described a procedure that greatly improved rooting of in 
vitro cultured lentil. They were able to increase percentage rooting from 11% to 95% 
by simply inverting nodal explants in the rooting medium. They concluded that the 
improved rooting of the inverted microcuttings was caused by the change in shoot 
‘polarity’. 
Recent studies on several Australian plants have shown that medium hypoxia is a 
critical limiting factor in the rooting process in vitro. Newell et al. (2003) have 
demonstrated that hypoxic conditions at the proximal ends of microcuttings placed 
into agar rooting medium not only limit root initiation but also root elongation. 
This experiment tests the hypothesis that medium hypoxia and not microcutting 
polarity limits rooting in lentil seedling material in vitro. 
5.3 Materials and methods 
Seeds of the lentil (Lens culinaris Medik.) cv. ‘Digger’ were surface-sterilised in a 
filtered 1% calcium hypochlorite solution with one drop of Tween 80 per litre, for 20 
min, then rinsed three times with sterile water before being drained on sterile paper 
towels and placed onto M1 medium to germinate in low light (10 µmol m
-2 s
-1, 16 h 
light, 8 h dark) at 22˚C. 
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Three media were used: M1 which was Murashige and Skoog (MS) (Murashige and 
Skoog 1962) containing 2% sucrose and 0.8% agar (Grade J3, Gelita
® Australia Pty. 
Ltd.); RM40 which was ½ MS with 1% sucrose, 0.8% agar and 40 µM IBA; and IVS 
comprising sphagnum peat, coarse river sand (1–3 mm diameter) and perlite 
(Horticulture grade P500) at a ratio of 0.5:2:2 containing 2 g L
-1 horticultural lime. 
RM40, M1 and IVS media and culture vessels are as described in Newell et al. 
(2003) except that 10 ml of the M1 medium was dispensed into 30 ml polycarbonate 
culture tubes (SARSTEDT
® Australia Pty. Ltd. #60.9922.212) prior to autoclaving. 
After three weeks, healthy seedlings were selected and microcuttings approximately 
1.5 cm long, including a single node, were prepared from the middle portion of the 
seedling. These were exposed to a pulse of high auxin by placing them with normal 
orientation (i.e. proximal base in the medium) in RM40 for 18 h in the dark at 22˚C. 
The microcuttings were then transferred to either M1 or IVS for rooting. Cultures 
were maintained at a constant temperature of 22°C and a 16 h photoperiod at a PAR 
level of 50 µmol m
-2 s
-1 during the root elongation phase. Each treatment comprised 
four replicates of eight microcuttings. 
The six rooting treatments are illustrated in Fig. 5.1. In Treatment 1 the proximal end 
of the microcutting was placed into agar medium resulting in normal orientation with 
the agar medium providing hypoxic conditions at the base of microcutting. In 
Treatment 2 the distal end of the microcutting was placed into agar medium inverting 
the microcutting orientation and exposing the proximal end to the air in the culture 
vessel headspace. In Treatments 3 and 4 the microcuttings were placed in the agar 
medium as for Treatment 2 and 1, respectively, except that the culture tubes were 
then inverted thus reversing the microcutting orientation of those treatments but 
maintaining the same environment around the proximal ends of the cutting. In 
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Treatment 5 the proximal end of the microcutting was placed into IVS medium and 
in Treatment 6 the distal end of the microcutting was placed into IVS medium. It was 
not possible to invert the IVS mix. Thus in Treatments 1, 3 and 5, cuttings have 
normal orientation while in Treatments 2, 4 and 6 they are inverted. Treatments 1 
and 4 have hypoxic conditions at the physiological proximal base of the microcutting 
while the other treatments do not. 
 
 
 
Fig. 5.1. Nodal microcuttings of lentil cv. ‘Digger’ were primed in IBA then placed 
into agar or IVS medium to root. Microcuttings were oriented with either their 
proximal end in the medium (T1, T4 and T5) or the distal end in the medium (T2, T3 
and T6). The microcutting polarity is shown by the arrows with the distal end at the 
arrowhead. For T3 and T4 the culture tubes were inverted for incubation. 
 
Two sets of observations were made. Firstly, a two by two factorial compared the 
effect of shoot orientation and basal hypoxia in all treatments using agar medium 
(Treatments 1–4). Secondly, all treatments where the proximal ends of the 
microcuttings had access to aerobic conditions were compared (Treatments 2, 3, 5 
and 6). 
After 10 days the microcuttings were removed and the percentage rooted and number 
and length of roots for each of the treatments was recorded. Data were subjected to 
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analysis of variance (GenStat
® 6th Edition) and means separated by least significant 
difference (P≤0.05). Data on percentage rooting rate was arcsine-transformed prior 
to analysis. The experimental treatments were randomised on a shelf in the culture 
room and the experiment was repeated three times. Data are from one experiment. 
5.4 Results 
There were no deaths in any of the treatments. Roots only grew from the proximal 
end of the microcutting regardless of the orientation in relation to the medium. 
Percentage rooting improves with exposure to air regardless of orientation and more 
so with normal orientation (Table 5.1). The percentage of microcuttings developing 
roots at the proximal end was low when the end was in agar medium and 
significantly higher (P≤0.05) when the end was exposed to air regardless of whether 
the microcutting was inverted in the medium and the culture tube upright (Treatment 
2) or if the culture tube was placed upside down (Treatment 3). The percentage 
rooting was highest (100%) where the microcuttings had normal orientation and the 
proximal end was exposed to air as in Treatment 3 (Table 5.1). For both Treatments 
1 and 4, where the proximal end was in agar, percentage rooting was significantly 
(P≤0.05) lower. 
Treatment 3 produced an average of two roots per microcutting which was 
significantly (P≤0.05) greater than Treatment 2 (Table 5.1). Treatments 1 and 4, both 
with basal hypoxia, had the lowest root numbers per microcutting which were not 
significantly different from each other but were significantly (P≤0.05) different to 
their counterparts, Treatments 3 and 2. Average root length was significantly 
(P≤0.05) greater in Treatment 3 whereas all other treatments in agar had similar root 
lengths (Table 5.1).  
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Table 5.1. Lentil cv. ‘Digger’ microcuttings rooted in agar medium with aeration and 
orientation treatments: Effect on percentage rooting, average root number and single 
root length (mm). 
Treatment  Percentage rooting  Average root 
number  
Average single root 
length (mm) 
T1  9.4 ± 6.0 a  1.0 ± 0.0 a  7.0 ± 1.7 a 
T2  62.5 ± 7.2 b  1.8 ± 0.2 b  7.7 ± 0.7 a 
T3  100 ± 0.0 c  2.0 ± 0.2 c  9.3 ± 0.6 b 
T4  25.0 ± 10.2 a  1.3 ± 0.2 a  7.6 ± 1.4 a 
ANOVA     
Proximal Air 
Exposure (PA) 
*** ***  * 
Orientation (O)  ns  ns  ns 
PA x O  ***  ns  ns 
Each treatment involved 32 microcuttings which were pulsed in IBA (40 µM) overnight, 
transferred to respective treatments and harvested after 10 days. Data for mean root number 
and length are for responsive microcuttings only. Data are shown as mean ± standard error; 
***P<0.001, **P<0.01, *P<0.05; ns not significant. Within each measured criterion, values 
with the same letter are not significantly different by LSD (P≤0.05). 
 
Percentage rooting of microcuttings using different medium and orientation but with 
the proximal ends in an aerated environment showed a significant interaction 
(P≤0.05) where microcuttings in both Treatments 3 and 5 which had normal 
orientation, had significantly (P≤0.05) higher rooting percentages (100 and 96.9% 
respectively) compared to Treatments 2 and 6 with inverted microcuttings (Table 
5.2). Microcuttings rooted in IVS medium had higher average root numbers 
compared with those rooted in agar and a significant (P≤0.001) medium effect was 
observed (Table 5.2). Average root lengths in M1 and IVS showed an interaction 
where the greatest lengths in agar were observed for normal orientation (T3) whereas 
inverted microcuttings for IVS (T6) had significantly longer roots compared to 
normally-oriented ones (T5).   
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Table 5.2. Lentil cv. ‘Digger’ microcuttings rooted in agar or IVS medium with 
different treatments: Effect on percentage rooting, average root number and single 
root length (mm). 
Treatment  Percentage rooting  Average root 
number  
Average single root 
length (mm) 
T2  62.5 ± 7.2 a  1.8 ± 0.2 a  7.7 ± 0.7 b 
T3  100.0 ± 0.0 c  2.2 ± 0.2 ab  9.3 ± 0.1 bc 
T5  96.9 ± 3.1 c  2.7 ± 0.1 c  5.4 ± 0.7 a 
T6  84.4 ± 6.0 b  2.4 ± 0.2 bc  10.9 ± 0.9 c 
ANOVA     
Medium (M)  ns  ***  ns 
Orientation (O)  ***  ns  ns 
M x O  *  ns  ** 
Each treatment involved 32 microcuttings which were pulsed in IBA (40 µM) overnight, 
transferred to respective treatments and harvested after 10 days. Data for mean root number 
and length are for responsive microcuttings only. Data are shown as mean ± standard error; 
***P<0.001, **P<0.01, *P<0.05; ns not significant. Within each measured criterion, values 
with the same letter are not significantly different by LSD (P≤0.05). 
 
5.5 Discussion 
Regardless of the orientation of the microcutting, rooting percentages and root 
numbers per microcutting of lentil cv. ‘Digger’ were reduced when the proximal end 
of the microcutting was in agar and exposed to hypoxic conditions (Table 5.1). The 
results from Treatments 1 and 2 confirm the results of Fratini and Ruiz (2003) who 
reported that the change of orientation (which they refer to as polarity) improved the 
rooting percentage. However these experiments have shown that overall rooting is 
improved when greater aeration at the proximal end of the microcutting is provided 
either by inverting the microcutting (Treatments 2 and 6) or by retaining its normal 
orientation but providing an aerobic rooting environment (Treatments 3 and 5) 
suggesting that the results reported by Fratini and Ruiz (2003) are due to increased 
basal aeration and not the change in ‘polarity’. While it seems likely that increased 
oxygen provides the main advantage of an aerobic environment, the importance of 
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the diffusion of ethylene away from the cut, auxin-treated base of the microcutting 
can not be dismissed (de Klerk 2002). 
When shoot or root cuttings are prepared for propagation the inherent polarity 
controls the position of the development of roots. In shoot cuttings the roots will 
always form at the proximal end (nearest the junction of the shoot and root system) 
and in root cuttings near the distal end (nearest the tip of the root) as in root cuttings 
of  Taraxacum and Cichorium (Warmke and Warmke 1950). Changing the 
orientation of either type of cutting will not alter this (Bloch 1943). The same 
principle applies to microcuttings grown in vitro (Skoog and Tsui 1948). An 
orientation effect on in vitro rooting was observed by Pierek and Steegmans (1975) 
when they analysed adventitious root formation in difficult-to-root Rhododendron 
microcuttings. They concluded that oxygen supply to the proximal end of the 
microcutting was essential because only inverted microcuttings were capable of 
forming roots. Similarly, in stem segments of apple microcuttings rooted in vitro, 
root regeneration is predominantly at the basal cut surface (Guan and de Klerk 2000). 
Basally-oriented segments rooted at lower frequencies compared with inverted 
segments and this reduction was attributed to partial anaerobiosis in the root-forming 
tissues that are located close to the basal cut surface. 
Most research into rooting lentil in vitro has involved prolonged exposure (14–28 
days) to either NAA (Ahmad et al. 1997; Polanco et al. 1988) or IAA (Polanco and 
Ruiz 2001; Fratini and Ruiz 2003). Prolonged exposure to auxin during rooting 
retards the rooting process (Haissig 1974a) and pulsing with auxin is a recognised 
strategy for inducing rooting in difficult-to-root plants (Zimmerman and Fordham 
1985). This research shows that lentil can be effectively rooted using an 18 h 40 µM 
IBA pulse followed by a transfer to a hormone-free porous rooting medium. Other 
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studies have shown significant carryover effects of different cytokinins (employed in 
Stage 2 cultures) on subsequent in vitro rooting of lentil (Fratini and Ruiz 2002; 
Polanco and Ruiz 1997). This effect was not a consideration in this research. 
The rooting process can be described in two stages, root initiation and root 
elongation (Moncousin 1991). The greater rooting percentages and root numbers 
seen in microcuttings with increased basal aeration (Tables 5.1 and 5.2) are 
indicative of a more effective root initiation. The shorter root lengths observed for 
normally oriented microcuttings compared with inverted ones in IVS medium (Table 
5.2) suggest that the IVS medium may be suboptimal for lentil cv. ‘Digger’ and may 
require modification for greater root elongation. 
Plant tissue culture is a cornerstone of modern lentil breeding programs including the 
raising of interspecific hybrids, genetic engineering and haploid induction. It is 
advantageous to have a general effective rooting strategy that does not require 
individual optimisation for each genotype. It is likely that basal hypoxia is the major 
limiting factor to rooting lentil in vitro, not cytokinin carryover effects or 
microcutting orientation. The benefits of using a generic rooting strategy such as IVS 
have been demonstrated on a wide range of Australian plants (Newell et al. 2005b) 
and testing this protocol on other cultivars of lentil is desirable. 
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Chapter 6. IBA pulsing improves the in vitro rooting 
performance of Australian plant microcuttings in IVS 
medium 
 
  Chapter 6 asks whether it possible to modify the 7-day pulsing protocol of the IVS 
model to a one-day pulse or to a quick auxin dip.   
 
 
6.1 Abstract 
Three experiments, using the Australian plants Actinodium cunninghamii, Grevillea 
thelemanniana, Verticordia plumosa and selections of V. grandis, investigated the 
efficiency of two different auxin pulsing strategies. Auxin was supplied in a semi-
solid agar medium or a commercial rooting gel, and the shoots then rooted in IVS 
medium. The standard treatment IVS protocol involved an initial ‘auxin-pulse’ (7-
days on agar medium with 40 µM IBA in the dark) after which the microcuttings 
were transferred to root in IVS medium under normal culture room conditions. For 
all three species, a one-day pulse in agar medium with 40 µM IBA or the use of an 
auxin gel quick dip resulted in an equivalent or better rooting performance, as 
compared with the standard 7-day pulse in agar medium. Although the auxin gels 
worked well for both the juvenile and adult selections of V. grandis, the seedling 
material outperformed the adult material with rooting percentages up to 100%. The 
efficiency of using the gel dip in conjunction with IVS is similar to ex vitro rooting 
protocols. Undesirable toxic effects of shoot stunting and basal pre-callus responses 
were observed for the longer pulses at higher IBA concentrations and for the highest 
auxin gel concentration. 
6.2 Introduction 
Although plant tissue culture propagation has been successfully applied to a wide 
range of Australian plants with economic and horticultural values (Taji and Williams 
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1990), problems often occur with the reliable induction of roots (Bunn and Dixon 
1996). This problem is greatest in cultures derived from mature, woody explants 
(Haissig et al. 1992; Johnson 1996) when the explants do not revert to a juvenile 
condition. These difficulties manifest as low and variable rooting percentages and 
roots that are short, swollen and brittle. The success of a micropropagation system 
can be assessed by its capacity to produce healthy plants that have been successfully 
acclimatised to nursery conditions (Kirdmanee et al. 1995; Hutchinson et al. 1985). 
Poor rooting performance and subsequent low survival rates in the nursery are why 
many micropropagation ventures fail, especially if the microcuttings are rooted in 
agar-based media. 
The process of rooting in microcuttings can be divided into three distinct phases (de 
Klerk 1995). First, cells at the base of the microcutting differentiate and develop the 
capacity to respond to a rooting signal. Next, the root induction phase, when groups 
of cells (usually closely associated with vascular tissues (Lovell and White 1986)) 
are organised into meristems or root primordia, which, given the right circumstances, 
will develop and grow into roots during the final differentiation phase. In Malus spp. 
microcuttings, the first, second and third phases lasted for 0–24 h, 24–96 h and 96 h 
plus, respectively (de Klerk and Ter Brugge 1992). 
Most research to overcome poor rooting in vitro is principally concerned with the 
application of exogenous auxin, usually either IBA or NAA (α-naphthalene acetic 
acid) although Williams et al. (1985) found the most effective combinations for 
Australian plants usually included IBA. 
When shoots are rooted in vitro, auxin can be applied in two ways (George and 
Sherrington 1993). Shoots can be cultured for a prolonged period (usually 3–4 
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weeks) on an agar medium containing auxin, or they can be treated with an auxin for 
a short period (seconds to several days) prior to culture on an auxin-free medium. 
The latter treatment is referred to as pulsing and corresponds to an induction or 
initiation phase on media which includes auxin followed by primordia development 
and root elongation in an auxin-free environment. For both nursery cuttings and 
microcuttings, the protocol for pulsing follows the observation that the optimum 
exposure period to auxin is inversely proportional to the auxin concentration 
(Wainwright 1986). Clonex
® rooting gel (Growth Corporation Pty. Ltd.) is routinely 
used to propagate Australian plants that are difficult to root such as Stackhousia 
tryonii (Bahatia and Batia 2002) and Calocephalus spp. (Sands et al. 2003). It may 
be possible that the practice of quick dipping Stage 3 microcuttings in an auxin gel 
can be incorporated into the rooting protocols of IVS. 
The practice of pulsing is theoretically better than keeping microcuttings in an auxin 
medium for long periods because, while auxin induces root initiation it retards 
subsequent root growth (Went and Thimann 1937; Went 1939; Haissig 1974a). For 
example, in apple, a 4-day pulse on 9.8 µM IBA followed by 38 days on growth 
regulator-free agar medium gave a three-fold improvement in rooting percentage 
compared to continuous exposure to auxin for the same period (James and Thurbon 
1979). 
With carob (Ceratonis siliqua), Romano et al. (2002) microcuttings placed either in 
agar medium containing auxin (11.4 µM IAA or 9.8 µM IBA) or alternatively dipped 
in IBA (4.9 mM) followed by culture on growth regulator free medium. Shoots from 
both treatments were grown in the dark for 7 days followed by a further 21 days 
under 60 µmol m
-2 s
-1 and a 16:8 h light:dark photoperiod. Continual exposure to 
IAA or IBA resulted in 10% and 70% rooting, respectively, while pulsing increased 
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rooting to 85%. In these examples, the use of agar-based media for root elongation 
after pulsing adds a simple extra step (the dip in auxin) compared to continual 
exposure, and is justified by the improved rooting rate. In both cases the rooted 
microcuttings must be transferred to a propagation mix at Stage 4. Pulsing in 
association with IVS protocols avoids the transfer of rooted shoots at Stage 4 and is, 
from a materials handling point of view, more efficient than either method. 
Transferring pulsed microcutting to an in vitro agar-based root elongation medium 
adds an extra step to the propagation process but it can be avoided. Researchers 
working with foliage plants (Debergh and Maene 1981; Maene and Debergh 1985) 
were able to apply auxin as a liquid medium overlay using mature Stage 2 cultures 
prior to microcutting preparation and transfer to rooting medium. Drew (1987) 
developed a system for rooting papaya of adding riboflavin to the pulsing medium 
which was kept in the dark, then exposed the cultures to light and the auxin is then 
photo-oxidised by the riboflavin. 
Rooting of microcuttings can be accomplished ex vitro (McCown 1988) and plants 
that have high rooting rates in vitro are good candidates for direct rooting ex vitro. 
The omission of Stage 3 offers significant savings (Douglas 1984). The cost benefits 
of  ex vitro rooting compared to in vitro rooting are largely based on the labour 
component and de Klerk (2002) estimates cost savings of up to one-third. For 
example, the apple rooting protocol of James and Thurbon (1979) was improved by 
Zimmerman and Fordham (1985) when they pulsed apple microcuttings in 1.5 µM 
IBA for 3–7 days and successfully rooted the microcuttings ex vitro avoiding an 
extra transfer into agar root elongation medium. 
Seedling-derived shoots of chestnut showed variable and low rooting rates (<20%) 
using long term exposure to auxin (approx. 0.5–10 µM) in agar-based media 
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(Mullins 1987). Pulsing in IBA (1000 ppm) for up to 2 min improved rooting rates to 
90% but these shoots failed to survive acclimatisation. Best rooting results (75–
100%) were obtained when microcuttings were dipped in IBA (1000 ppm, or 
equivalent commercial product) and rooted ex vitro where they subsequently showed 
good survival rates. 
The IVS standard protocol which results in a significant improvement in rooting of a 
wide range of Australian species (Chapters 2, 3 and 4) involves an initial ‘auxin-
pulse’ (7 days on agar medium with 40 µM IBA in the dark, hereafter referred to as 
the ‘standard treatment’), after which the microcuttings are transferred to root in 
porous IVS medium under normal culture room conditions. The experiments 
reported here aim to reduce the time in culture and the number of different media in 
the rooting stage, thereby reducing the cost of the final rooted microcutting. The 
experiments use Australian species and investigate the efficiency of the standard IVS 
rooting protocol compared with two different pulsing strategies in conjunction with 
the use of IVS medium for rooting in vitro. 
6.3 Materials and methods 
Plant material 
Tip microcuttings, approximately 2.5 to 3 cm long were prepared from established 
Stage 2 cultures of Actinodium cunninghamii Schauer., Grevillea  thelemanniana 
Huegel ex Endl., Verticordia plumosa (Desf.) Druce x Chamelaucium uncinatum 
Schauer. hybrid and two selections of Verticordia grandis J.L. Drumm. selected for 
their floriculture value and availability. Prior to preparation the shoots were grown 
for 4–6 weeks on MS medium (Murashige and Skoog 1962) with 20 g L
-1 sucrose, 8 
g L
-1 agar (Gelita
® Food Grade) and the pH was adjusted to 7 prior to autoclaving at 
121°C and 1.05 kg cm
-2 for 20 min. The A. cunninghamii, the V. plumosa hybrid and 
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the V. grandis Stage 2 shoot culture media were supplemented with 0.1 µM BAP. 
Microcuttings were treated with various IBA pulses (as described below) and 
transferred aseptically to their respective experiments. 
Culture medium and conditions 
IVS is a propagation mix comprised of sphagnum peat, coarse river sand (1–3 mm) 
and perlite (Horticulture grade P500) at a ratio of 0.5:2:2 containing 2 g L
-1 
horticultural lime and a pre-autoclave pH of 6.8 and an air-filled porosity of 
approximately 25–30%. The IVS medium was added to seedling punnets (Masrac™ 
720 MK8LL punnet, approximately 45 H x 50 W and 120 L mm) watered to 
saturation and allowed to drain before being sterilised for 60 min at 121°C and 1.05 
kg cm
-2 twice, 24 h apart, prior to use. 
Shoots were exposed to an auxin pulse in agar medium (½ M1 with 0, 40, 80, 160 or 
320 µM IBA, 10 g sucrose L
-1, dispensed in 40 ml aliquots into 250 ml glass jars and 
autoclaved) or dipped in Clonex-Gel
®, a commercial rooting product (Growth 
Corporation Pty. Ltd, O’Connor WA) with a range of IBA concentrations (1500, 
3000 and 8000 ppm IBA) corresponding to IBA concentrations of 8.1, 16.2 and 43.2 
mM, respectively. The 0 µM auxin dip was sterile water. The Clonex was in a gel 
formulation which may persist on the base of the microcutting. Microcuttings kept in 
agar pulsing medium were stored in the dark for various periods at 20°C until 
transferred to IVS medium and maintained at a constant temperature of 22°C and a 
16 h photoperiod at a PAR level of 40 µmol m
-2 s
-1 during the root elongation phase. 
Experimental design 
Experiment 1. Minimisation of the time of IBA pulsing in agar medium 
Microcuttings of Actinodium cunninghamii,  Grevillea thelemanniana and the 
Verticordia plumosa x Chamelaucium uncinatum hybrid were placed into agar media 
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supplemented with 0, 40, 160 or 320 µM IBA and grown in the dark for 1, 2, 4 or 7 
days before transfer into the IVS medium. The seedling punnet was then placed in a 
sterile rectangular 1000 ml microwave-proof plastic take away food container 
(approx. 65 H x 115 W x 170 L mm, AMGM
® Malaysia, C1000) and a second 
similar but inverted container was placed on the first as a lid and this was taped in 
place. The two containers were sealed together by wrapping the joint with a 3 cm 
strip of plastic food wrap. The cultures were then placed in the culture room under 
light. Microcuttings were harvested 21 days after pulsing began, with percentage 
rooting, and root number and length per responsive microcutting recorded. Since the 
aim was to reduce time in the culture room, rooting performance of all treatments 
was assessed 21 days after the initiation of pulsing. Thus shoots pulsed for 7 days 
had less time in IVS medium after pulsing than shoots pulsed for 1 day. There were 
four punnets per treatment with eight shoots in each punnet. 
Experiment 2. Use of an auxin gel dip 
Microcuttings of Actinodium cunninghamii,  Grevillea thelemanniana and the 
Verticordia plumosa x Chamelaucium uncinatum hybrid were dipped into either 
sterile water (control) or one of three Clonex gels (1.5, 3.0 or 8.0 IBA g L
-1) and then 
placed into IVS medium. There were four or five punnets per treatment with eight 
shoots in each punnet, sealed as in Experiment 1 and placed in the culture room to 
root. After 21 days the microcuttings were harvested and percentage rooting, and 
root number and length per responsive microcutting were recorded. The standard 
rooting treatment (7-day IBA 40 µM pulse) data from Experiment 1 was included for 
comparison and single root lengths were determined for comparison purposes. 
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Experiment 3. Comparison of adult and juvenile rooting rates using an auxin 
gel dip 
Microcuttings of an adult and a juvenile (seedling) selection of V. grandis were 
treated as for Experiment 2. There was no standard treatment on agar medium for 
comparison. 
Statistical analysis 
The experiments were completely randomised and were all conducted concurrently. 
Because of limited stock, each treatment for A. cunninghamii had four replicates of 
eight microcuttings (n=32) while G. thelemanniana, the V. plumosa hybrid and the V 
grandis selections had five replicates of eight microcuttings (n=40). All data were 
tested for analysis of variance of IBA x time at the 5% level (Genstat for Windows, 
6th Edition). In Experiment 3 the ANOVA for age x IBA was also included. Average 
root length and number per microcutting were determined using a digitally acquired 
photograph and ASSESS
® software. Percentage rooting data were arcsine-
transformed prior to analysis of variance; non-transformed data are presented in 
tables. For ease of comparison the LSD letters in Tables 6.1–6.3 were re-allocated to 
clearly identify data that were equal to or not significantly different (P=0.05) from 
the standard treatment. The standard 7-day treatment data used in Experiment 2 are 
those from Experiment 1 for comparison purposes. 
6.4 Results 
Experiment 1. Minimisation of the time of IBA pulsing in agar medium 
There was an interaction between IBA concentration and pulsing time for rooting 
percentage and root number in all three species (Tables 6.1 and 6.2) and for root 
length in G. thelemanniana and the V. plumosa hybrid species (Table 6.3). The 
higher IBA concentrations combined with the 7-day pulses stunted the shoots and 
caused basal swelling typical of excessive auxin exposure. 
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Overall, percentage rooting, for shoots pulsed for 1, 2 or 4 days on 40 µM IBA, was 
not significantly different (P<0.05) from the standard 7-day pulse at the same IBA 
concentration (Table 6.1). Percentage rooting was higher for all three species after 
pulsing for 1-day compared to 7-days on 40 µM IBA (Table 6.1). The interactions 
show that rooting percentage tended to decrease the longer the pulsing time. A. 
cunninghamii had very consistent rooting over the pulsing times for 0, 40 and 80 µM 
IBA treatments but for the day 7, 160 and 320 µM IBA treatments there was a 
significant (P<0.05) reduction. G. thelemanniana percentage rooting was generally 
constant for the 0 and 40 µM IBA treatments but also dropped at day 7 for the higher 
concentrations. The V. plumosa hybrid had more variable rooting percentages and the 
40 and 80 µM IBA treatments increased rooting percentages at day 7 while the other 
IBA concentrations did not. Both G. thelemanniana and the V. plumosa hybrid had 
the highest rooting percentage at higher IBA concentrations but A. cunninghamii had 
its highest rate at the 2-day 0 µM IBA pulse. There was no significant difference 
(P<0.05) in percentage rooting between the 1-day 0 µM IBA pulse and the 1-day or 
7-day 40 µM IBA treatments in any species (Table 6.1). 
For A. cunninghamii and the V. plumosa hybrid, root numbers at the 0 and 40 µM 
IBA concentrations pulsed for 1, 2 or 4 days were statistically equivalent (P<0.05) to 
the standard 7-day 40 µM IBA treatment (Table 6.2). For G. thelemanniana, the 
standard 7-day 40 µM IBA treatment resulted in significantly greater (P<0.05) root 
numbers than any other 0 and 40 µM IBA treatments. The interactions show that root 
numbers increased with increasing auxin concentration but decreased at higher 
concentrations, especially with longer pulsing times. For example with A. 
cunninghamii, shoots exposed to either  160 or 320 µM IBA had the highest root 
numbers when given a 2- and 4-day treatment, but root numbers dropped if shoots 
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were given a 7-day pulse. The 7-day pulse at the 320 µM IBA concentration also 
reduced root numbers for G. thelemanniana and the V. plumosa hybrid. 
Root lengths were significantly greater (P<0.05) for each species when pulsed for 1 
day at 40 µM IBA compared with the standard treatment (7-day 40 µM IBA; Table 
6.3). Average total root lengths for each species were equal to or greater than the 
standard treatment for all other 1 and 2 day pulses, including 0 µM IBA. The 
interaction for the V. plumosa hybrid shows a variable response for the 80 µM IBA 
treatment, a general decline over time for the 0 and 40 µM IBA treatments and 
increasing root lengths for the day 1, 2 and 4 160 and 320 µM IBA pulse treatments 
followed by a sharp decline at day 7. Overall, G. thelemanniana had the greatest total 
average root length and the interaction shows that longer pulses at any given IBA 
concentration reduced the total average root length. 
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Table 6.1. Effect of IBA concentration and pulsing time on rooting percentage of 
Actinodium cunninghamii (n=32), Grevillea thelemanniana (n=40) and Verticordia 
plumosa hybrid (n=40) pulsed in agar medium supplemented with IBA (0–320 µM) 
for 1 to 7 days and then transferred to IVS medium to root. Rooting performance was 
assessed 21 days after initiation of pulsing. Data are shown as mean ± standard error. 
Within each measured criterion, values with different letters are significantly 
different by LSD (P=0.05). 
    Rooting percentage  
IBA 
(µM) 
Pulsing 
time (d) 
Actinodium 
cunninghamii 
Grevillea 
thelemanniana 
Verticordia plumosa 
hybrid 
0  1  87.5 ± 17.7 b   82.5 ± 7.1 b  90.0 ± 5.2 b 
  2  100.0 ± 0.0 b   75.0 ± 4.4 a   77.5 ± 2.8 b 
  4  90.6 ± 6.3 b  80.0 ± 3.4 a  75.0 ± 6.3 b 
  7  96.9 ± 6.3
 b  70.0 ± 8.4 a  65.2 ± 5.2 a 
40  1  96.9 ± 6.3 b  95.0 ± 3.4 b  92.5 ± 3.4 b 
  2  93.8 ± 12.5 b  92.5 ± 2.8 b  92.5 ± 3.4 b 
  4  90.6 ± 6.3 b  92.5 ± 5.6 b  87.5 ± 0.0 b 
 7
1 90.6 ± 12.0 b  90.0 ± 5.2 b  87.5 ± 6.3 b 
80  1  93.8 ± 7.2 b  95.0 ± 3.4 b  90.0 ± 5.2 b 
  2  87.5 ± 17.7 b  97.5 ± 2.8 b  97.5 ± 2.8 b 
  4  81.3 ± 16.1 b  97.5 ± 2.8 b  84.4 ± 5.2 b 
  7  75.0 ± 10.2 b  60.0 ± 5.2 a  84.4 ± 6.8 b 
160  1  84.4 ± 6.3 b  97.5 ± 2.8 b  97.5 ± 2.8 b 
  2  96.9 ± 6.3 b  92.5 ± 3.4 b  95.0 ± 3.4 b 
  4  96.9 ± 6.3 b  100.0 ± 0.0 c  100.0 ± 0.0 c 
  7  59.4 ± 15.7 a  75.0 ± 6.3 a  75.0 ± 7.7 b 
320  1  78.1 ± 25.8 b  100.0 ± 0.0 c  97.5 ± 2.8 b 
  2  96.9 ± 6.3 b  97.5 ± 2.8 b  93.8 ± 3.1 b 
  4  93.8 ± 7.2 b  80.0 ± 7.1 b  96.9 ± 2.7 b 
  7  34.4 ± 6.3 a  30.0 ± 10.5 a  71.9 ± 6.8 a 
ANOVA 
IBA (I) 
 
*
2
 
*** 
 
*** 
Pulsing Time (PT)  ***  ***  ** 
I x PT  **  ***  ** 
1 Standard treatment 
2 ***, **, * indicate significance at P<0.001, 0.01, 0.05, respectively 
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Table 6.2. Effect of IBA concentration and pulsing time on average root number per 
responsive microcutting of Actinodium cunninghamii (n=32), Grevillea 
thelemanniana  (n=40)  and Verticordia plumosa hybrid (n=40)  pulsed in agar 
medium supplemented with IBA (0–320 µM) for 1 to 7 days and then transferred to 
IVS medium to root. Rooting performance was assessed 21 days after initiation of 
pulsing. Data are shown as mean ± standard error. Within each measured criterion, 
values with different letters are significantly different by LSD (P=0.05). 
    Average root number per microcutting 
IBA 
(µM) 
Pulsing 
time (d) 
Actinodium 
cunninghamii 
Grevillea 
thelemanniana 
Verticordia plumosa 
hybrid 
0  1  2.8 ± 0.4 a  1.7 ± 0.2 a  1.8 ± 0.1 a 
  2  3.3 ± 0.3 a  1.9 ± 0.2 a  1.6 ± 0.1 a 
  4  2.9 ± 0.6 a  1.5 ± 0.2 a  1.4 ± 0.2 a 
  7  3.2 ± 0.4 a  1.8 ± 0.2 a  1.6 ± 0.1 a 
40  1  3.7 ± 0.3 a  2.0 ± 0.2 a  1.5 ± 0.0 a 
  2  3.3 ± 0.5 a  1.6 ± 0.1 a  1.8 ± 0.1 a 
  4  3.3 ± 0.4 a  1.9 ± 0.2 a  1.8 ± 0.2 a 
 7
1 2.9 ± 0.3 a  4.2 ± 0.5 b  1.8 ± 0.2 a 
80  1  3.8 ± 0.7 b  2.0 ± 0.1a  1.5 ± 0.2 a 
  2  2.9 ± 0.4 a  2.3 ± 0.2 a  2.1 ± 0.1 a 
  4  3.2 ± 0.5 a  2.9 ± 0.1 a  1.6 ± 0.1 a 
  7  3.2 ± 0.4 a  3.3 ± 0.6 b  2.0 ± 0.1 a 
160  1  3.6 ± 0.3 a  4.4 ± 0.4 b  2.2 ± 0.1 a 
  2  3.8 ± 0.6 b  4.2 ± 0.3 b  2.0 ± 0.1 a 
  4  3.9 ± 0.8 b  4.6 ± 0.2 b  3.1 ± 0.4 b 
  7  2.6 ± 0.3 a  4.2 ± 0.3 b  2.0 ± 0.1 a 
320  1  4.4 ± 1.5 b  5.3 ± 0.3 c  2.4 ± 0.2 b 
  2  3.7 ± 0.3 a  5.8 ± 0.4 c  2.4 ± 0.1 b 
  4  4.0 ± 0.4 b  6.6 ± 0.7 c   3.1 ± 0.3 b 
  7  2.1 ± 0.8 a  3.8 ± 1.1 b  1.8 ± 0.2 a 
ANOVA 
IBA (I) 
 
ns
2
 
*** 
 
*** 
Pulsing Time (PT)  ***  ns  * 
I x PT  **  ***  *** 
1 Standard treatment 
2 ***, **, * indicate significance at P<0.001, 0.01, 0.05, respectively; ns is not significant 
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Table 6.3. The effect of IBA concentration and pulsing time on average total root 
length per responsive microcutting of Actinodium cunninghamii (n=32), Grevillea 
thelemanniana  (n=40)  and Verticordia plumosa hybrid (n=40)  pulsed in agar 
medium supplemented with IBA (0–320 µM) for 1 to 7 days and then transferred to 
IVS medium. Rooting performance was assessed 21 days after initiation of pulsing. 
Data are shown as mean ± standard error. Within each measured criterion, values 
with different letters are significantly different by LSD (P=0.05). 
    Average total root length (mm) per microcutting 
IBA 
(µM) 
Pulsing 
time (d) 
Actinodium 
cunninghamii 
Grevillea 
thelemanniana 
Verticordia plumosa 
hybrid 
0  1  30.1 ± 9.4 b  68.1 ± 12.9 b  32.8 ± 2.3 c 
  2  38.3 ± 3.8 b  69.2 ± 10.8 b  20.1 ± 3.9 b 
  4  29.3 ± 11.0 b  47.8 ± 7.2 a  14.0 ± 2.6 b 
  7  22.8 ± 4.8 b  33.5 ± 6.9 a  8.8 ± 0.6 a 
40  1  40.2 ± 3.8 c  100.0 ± 14.4 b  30.3 ± 1.4 c 
  2  42.1 ± 4.4 c  79.1 ± 15.7 b  22.1 ± 4.5 b 
  4  35.7 ± 7.5 b  32.5 ± 6.3 a  20.4 ± 1.8 b 
 7
1 27.0 ± 4.5 b  35.6 ± 7.5 a  18.3 ± 1.5 b 
80  1  44.5 ± 16.3 c  89.4 ± 12.8 b  24.8 ± 4.4 b 
  2  35.5 ± 12.5 b  64.4 ± 8.3 b  36.9 ± 4.0 c 
  4  29.7 ± 8.5 b  87.3 ± 10.9 b  18.0 ± 1.6 b 
  7  24.7 ± 5.2 b  35.0 ± 8.8 a  22.4 ± 2.9 b 
160  1  34.9 ± 12.3 b  113.8 ± 24.6 b  31.0 ± 5.4 c 
  2  42.5 ± 6.9 c  131.4 ± 29.2 b  32.6 ± 6.3 c 
  4  38.2 ± 8.4 b  87.7 ± 9.8 b  36.7 ± 4.6 c 
  7  20.3 ± 6.4 b  27.5 ± 3.9 a  19.1 ± 3.3 b 
320  1  36.7 ± 10.8 b  81.7 ± 11.9 b  31.8 ± 7.2 c 
  2  34.7 ± 5.1 b  80.6 ± 14.1 b  33.4 ± 3.3 c 
  4  37.2 ± 4.1 b  81.9 ± 5.2 b  38.4 ± 2.6c 
  7  9.8 ± 6.7 a  21.1 ± 6.4 a  14.7 ± 2.4 b 
ANOVA 
IBA (I) 
 
ns
2
 
** 
 
*** 
Pulsing Time (PT)  ***  ***  *** 
I x PT  ns  **  ** 
1 Standard treatment 
2 ***, **, * indicate significance at P<0.001, 0.01, 0.05, respectively; ns is not significant 
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Experiment 2. Use of an auxin gel dip 
Rooting percentages, lengths and numbers per microcutting for the standard 
treatment (Experiment 1) fell within the range of the auxin gel and control treatments 
(Table 6.4). For the V. plumosa hybrid, rooting percentages significantly decreased 
(P<0.01) in the 0.0 and 8.0 g L
-1 Clonex gel dips but in A. cunninghamii and G. 
thelemanniana similar percentages were observed for all the treatments. Root 
numbers in A. cunninghamii and G. thelemanniana significantly increased (P<0.01) 
with increasing gel concentration but this was not apparent in the V. plumosa hybrid. 
Average total root length per microcutting in G. thelemanniana and the V. plumosa 
hybrid were significantly greater (P<0.05) in the control compared to all other gel 
treatments. Individual root lengths were always shortest in the 8.0 g L
-1 Clonex gel 
dip. 
Experiment 3. Comparison of adult and juvenile rooting rates using an auxin 
gel dip 
The seedling V grandis selection had a significantly higher (P<0.01) rooting 
percentage than the adult selection (Table 6.5). Rooting percentage improved in the 
adult selection with the application of 1.5 or 3.0 g L
-1 gel dip while this had no effect 
on the seedling. Root numbers were significantly higher (P<0.001) in the seedling 
than the adult selection (Table 6.5) and an interaction between age and IBA 
concentration was observed showing that root numbers on juvenile explants 
continued to increase with increasing IBA concentrations while the root numbers 
from  adult material leveled off at the 3.0 g L
-1 concentration. The controls had fewer 
roots than any IBA treatment for both the juvenile and adult selections. The seedling 
selection had longer root lengths than the adult selection for all of the treatments 
(Table 6.5) and average total root lengths dropped as IBA concentration increased. 
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Table 6.4. Effect of a dip in auxin gel (IBA 0–8.0 g L
-1) compared with the standard 
treatment of a 7-day pulse in IBA 40 µM on percentage rooting and average root 
number and total root length per responsive microcutting of Actinodium 
cunninghamii (n=32), Grevillea thelemanniana (n=40)  and Verticordia plumosa 
hybrid (n=40)  in IVS medium. Rooting performance was assessed 21 days after 
dipping. Data are shown as mean ± standard error. Within each measured criterion, 
values with the same letter are not significantly different by LSD (P=0.05). 
IBA treatment 
(g L
-1) 
Actinodium 
cunninghamii 
Grevillea 
thelemanniana 
Verticordia plumose 
hybrid 
Percentage rooting 
0.0
  87.5 ± 11.4  87.5 ± 4.4  67.5 ± 4.6 a 
1.5   93.8 ± 12.5  93.8 ± 3.1  95.0 ± 3.4 b 
3.0   93.8 ± 7.2  93.8 ± 3.1  90.0 ± 2.8 b 
8.0   84.4 ± 15.7  100.0 ± 0.0  70.0 ± 7.1 a 
ANOVA ns
2 ns ** 
ST
1 90.6 ± 12.0  90.0 ± 5.2  87.5 ± 6.3 
Average root number per microcutting 
0.0
  2.5 ± 0.1 a  2.0 ± 0.2 a  1.6 ± 0.1 
1.5   4.3 ± 0.5 b  2.7 ± 0.3 a  2.0 ± 0.2 
3.0   5.1 ± 0.8 b  3.6 ± 0.3 b  2.1 ± 0.2 
8.0   6.2 ± 0.8 c  6.8 ± 0.3 c  2.3 ± 0.3 
ANOVA ***
2 *** ns 
ST
1 2.9 ± 0.3  4.2 ± 0.5  1.8 ± 0.2 
Average total root length per microcutting (mm) 
0.0
  24.9 ± 6.6 a  94.4 ± 9.3 c  36.9 ± 1.8 c 
1.5   47.9 ± 15.0 bc  37.3 ± 2.6 ab  25.4 ± 5.7 b 
3.0   65.9 ± 15.7 c  51.5 ± 9.6 b  20.6 ± 1.9 ab 
8.0   31.0 ± 14.1 ab  29.9 ± 1.6 a  15.6 ± 3.1 a 
ANOVA ***
2 *** *** 
ST
1 27.0 ± 4.5   35.6 ± 7.5  18.3 ± 1.5 
Average single root length per microcutting (mm)
3
0.0
  10.0 47.2 23.0   
1.5   11.1 13.8 12.7   
3.0  12.9  14.3  9.8   
8.0   5.0 4.4 6.8   
ST
1 9.3 8.8  10.1   
1 ST is a 7 day 40 µM IBA pulse in agar medium, data from Experiment 1 
2 ***, **, * indicate significance at P<0.001, 0.01, 0.05, respectively; ns is not significant 
3 derived from data this table 
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Table 6.5. Effect of a dip in auxin gel (IBA 0–8.0 g L
-1) on percentage rooting, 
average root number and total root length per responsive microcutting of Verticordia 
grandis (adult) and V. grandis (seedling) in IVS medium. Rooting performance was 
assessed 21 days after dipping. Data are shown as mean ± standard error. Within 
each measured criterion, values with the same letter are not significantly different by 
LSD (P=0.05). 
IBA treatment 
(g L
-1) 
Adult Seedling  ANOVA 
Percentage rooting 
0.0  50.0 ± 5.1 a  96.9 ± 3.1  AGE *** 
1.5   84.4 ± 9.4 b  100.0 ± 0.0  IBA ** 
3.0   93.8 ± 3.6 b  100.0 ± 0.0  AGE x IBA ns 
8.0   71.9 ± 10.7 ab  93.6 ± 6.3   
ANOVA *
1 ns  
Average root number per microcutting 
0.0  1.4 ± 0.1 a  2.1 ± 0.1 a  AGE *** 
1.5   2.4 ± 0.3 b  3.8 ± 0.2 b  IBA *** 
3.0   3.0 ± 0.2 c  4.0 ± 0.3 b   AGE x IBA ** 
8.0   3.2 ± 0.5 c  5.4 ± 0.4 c   
ANOVA ***
1 ***  
Average total root length per microcutting (mm) 
0.0  19.4 ± 2.7 a  52.3 ± 4.9 ab  AGE *** 
1.5   33.1 ± 1.9 b  63.4 ± 2.7 b  IBA *** 
3.0   22.9 ± 4.3 a  50.9 ± 5.8 a  AGE x IBA ns 
8.0   20.0 ± 1.9 a  40.3 ± 7.3 a   
ANOVA ***
1 **  
1 ***, **, * indicate significance at P<0.001, 0.01, 0.05, respectively; ns is not significant 
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6.5 Discussion 
An equivalent or better rooting performance, as compared with the standard 
treatment of 7 days in agar media with 40 µM IBA, was achieved for G. 
thelemanniana, A. cunninghamii and the V. plumosa hybrid using either a shorter 
pulsing time in agar medium or an auxin gel quick dip. The auxin gel also worked 
well for the juvenile and adult selections of V. grandis (Experiment 3). Although the 
auxin gel is referred to as a quick dip, there is a possibility that the gel on the base of 
the stem would persist for some time after the initial dip thus extending the actual 
exposure time to auxin. The higher IBA concentrations combined with the 7-day 
pulses and the highest gel concentration stunted the shoots and caused basal swelling 
typical of excessive auxin exposure. 
Pulsing for one day, at the same auxin concentration as the standard treatment, 
improved rooting percentages in all three species, saving 6 days in culture (Table 
6.1). Pulsing for 7 days, regardless of auxin concentration and including the standard 
treatment, lowered rooting percentages compared to shorter pulses at similar IBA 
concentrations. In all three species, rooting percentages were greater than the 
standard treatment when the agar pulse was replaced with a 1.5 or the 3.0 g L
-1 IBA 
gel dip (Table 6.4), resulting in a 7 day advantage over the standard treatment. 
Several auxin concentrations and pulsing times in solid medium resulted in better 
percentage rooting than the standard treatment, but the greatest overall benefits for 
each of the species tested were observed when the agar pulse was replaced with 
rooting gel (Clonex dips). Microcuttings of G. thelemanniana, A. cunninghamii and 
V. grandis had similar percentage rooting rates in the control (0 g L
-1 IBA) treatment 
compared to the Clonex gels (Tables 6.4, 6.5). Unless higher root numbers are 
required, the auxin treatment is unnecessary to root these microcuttings. It is possible 
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that there were high endogenous levels of auxin already present in the S2 cuttings at 
the time of rooting. For the Verticordia plumosa hybrid and the V. grandis adult, 
additional auxin improved percentage rooting and this can be effectively delivered as 
a dip. It is noteworthy that the percentage rooting of the Verticordia plumosa hybrid 
after the agar pulse was similar at all treatment concentrations for 1- and 2-day 
pulses (Table 6.1) suggesting that additional auxin within the concentrations used 
here will assist rooting. 
The  V. grandis seedling had higher rooting percentages than the adult selection 
(Table 6.5) confirming the observation that juvenile microcuttings root more easily 
than adult ones (Pierik 1987). It is possible that other factors, such as genetics, may 
also play a role. The application of 1.5 or 3.0 g L
-1 IBA gel on the adult selection 
induced a significant (P=0.05) positive rooting response. 
Speer (1993) observed that increases in exogenous auxin in agar media promoted 
root number, but the roots were generally short and thick. In this work, average total 
root lengths were shorter at the higher IBA concentrations and in the 7-day IBA 
pulses (Table 6.3) and similar responses were observed with the high auxin dips in 
all three species (Table 6.4). Porous rooting medium such as vermiculite has been 
shown to increase root numbers in many species e.g. apple (Druart 1997). Rogers 
and Smith (1992) not only demonstrated that striking roots in porous rooting medium 
produced more roots, but they were longer, more flexible and more branched 
compared to roots in agar. 
In Experiment 1, IBA pulsing increased root numbers in G. thelemanniana more than 
A. cunninghamii and the V. plumosa hybrid (Table 6.2). However in all species, the 
7-day 320 µM IBA pulse reduced root numbers and produced a shorter stunted shoot 
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with a swollen spongy base. For G.  thelemanniana, the 7-day 40 µM IBA 
microcuttings had significantly greater (P=0.05) root numbers compared to the 1-day 
treatment but single root lengths were smaller (9 mm compared to 50 mm). 
Eucalyptus seedling cultures had their highest root numbers and longest root lengths 
with a 7-day 20 µM IBA pulse compared to 0, 10 and 40 µM IBA pulses (Glocke et 
al. 2006). 
In Experiment 2, root numbers for A. cunninghamii and G. thelemanniana 
significantly increased (P<0.01) in response to auxin dips but not in the V. plumosa 
hybrid. For all three species the single root lengths of the control treatments were 
always greater than the standard treatment. 
The significant increases (P=0.05) in average total root lengths in the control dip 
treatment of Experiment 2 for G. thelemanniana and the V. plumosa hybrid (Table 
6.4) were also reflected in the average single root lengths. This shows that although 
root number increased with application of auxin, root elongation did not. This was 
not observed with A. cunninghamii but the single root lengths for all three plants 
were suppressed in the 8.0 g L
-1 Clonex gel dip treatment. 
In apple, root initiation treatments with a 4-day dark pulse of 0, 0.15, 1.5, 15 and 150 
µM IBA increased root numbers with concentration but survival was inhibited at the 
highest concentration (Stimart and Harbage 1993). There was linear variation in the 
other IBA levels but higher root numbers did not improve the long term survival 
prognosis of the apple plants over 149 days in the nursery. 
Variations in rooting performance may be genetic and due to endogenous levels of 
auxin present in the microcuttings (Zobel 1975, Haissig and Riemenschneider 1988) 
or to different physiological responses to medium hypoxia or the application of 
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exogenous auxin. Examples of an exogenous auxin effect can be seen in the 
differences in root length between G. thelemanniana shoots given a 1- or 7-day 40 
µM IBA pulse (Table 6.3). The longer auxin pulses produced double the root 
numbers but a three-fold reduction in individual root length. This may be attributed 
to IBA toxicity or to agar medium hypoxia or a combination of both (Table 6.2). 
In microcuttings of ‘Gala’ apple, applied IBA (0.15–150 µM for 4 days in the dark) 
increased root numbers but those with greater root numbers induced by the higher 
auxin levels did not have increased plant growth after acclimatisation (Stimart and 
Harbage 1993). They observed an optimum number of roots above which no 
additional gain in shoot growth occurred. The greatest overall survival of the 
microcuttings after acclimatisation may be correlated to a specific pulsing 
concentration (1.5 µM for 4 days in the dark) and Stimart and Harbage (1993) 
concluded that root number per se was not the most important factor. The most likely 
explanation is that the shoot physiology associated with the acquisition of 
photosynthetic competence is better able to integrate with a functional root system 
(regardless of size) as long as the relative humidity is adequate to maintain a 
propagation environment conducive to continued growth ex vitro. This will be 
discussed in Chapters 8 and 9. 
High auxin may delay emergence of root initials and, even though root growth rate is 
the same, the actual growing period is shorter which may explain the overall 
difference in total root length. It is also possible that gel persistence, in the case of 
the auxin gel, may suppress root elongation. An alternate but less likely possibility is 
that the gel may be toxic to microcuttings. 
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High percentage rooting is the principle objective of Stage 3 culture. Once rooted, 
the quality and quantity of roots becomes an important feature, particularly at the 
time of acclimatisation. The ideal root length and number for the species tested here 
is unknown. Pulsing microcuttings for 7 days, rather than 1 day, regardless of IBA 
concentration (Experiment 1) reduced the percentage rooting and average root length 
per microcutting but root numbers per microcutting tended to increase with longer 
exposure times(except for G. thelemanniana). The trade-off between root number 
and length is not clear for these species but may affect survival in the nursery, as 
observed for Gala apples (Stimart and Harbage 1993). 
Although ex vitro rooting reduces the cost per rooted microcutting, rooting in vitro 
still offers the greatest degree of control over the rooting process (George 1996), 
frequently a higher final percentage root strike (Douglas 1984), and a more uniform 
root strike (Anderson 1978). If one-third of the cost of a rooted microcutting can be 
attributed to Stage 3 inputs (Debergh and Maene 1981), then eliminating this stage 
would be advantageous. Ex vitro rooting combines root strike and acclimatisation in 
one step (Dunstan and Turner 1984), but it only works well for plants that strike 
roots easily and quickly in the propagation area of a nursery. For plants such as 
Rhododendron that take months to strike roots (Anderson 1978), ex vitro rooting is 
less successful because of high losses in the nursery due to desiccation and disease. 
The Eriostemon and Pimelea spp. discussed in Chapter 4 are similar. The formation 
of a functional root system is one of the essential steps in the acquisition of a 
plantlet’s ability to manage water and mineral nutrients, and to respond to stress 
signals under ex vitro conditions (Nowak and Shulaev 2003). The benefits of an ex 
vitro  rooting strategy can be realised in vitro with the commensurate cost and 
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adaptive physiological benefits using the IVS protocol. The acclimatisation 
performance of IVS-rooted shoots will be discussed in Chapters 8 and 9. 
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grown in agar-based and aerobic IVS media 
measured by metabolic heat production and gas 
exchange 
 
 
Chapter 7 tests the hypothesis that if root growth is limited by low aeration, then 
root respiration rates should be lower in roots grown in agar compared with those 
grown in IVS medium. 
 
 
 
 
7.1 Abstract 
Using microcalorimetry and gas exchange methods, metabolic latent heat production 
(q) and respiration (RCO2) were measured in roots grown in hypoxic (agar-based) and 
aerobic (IVS) rooting environments. Respiration assessed by gas exchange was 
significantly higher for roots in IVS compared with roots in agar (testing entire root 
mass) while metabolic heat production was almost always higher for roots from agar 
compared with those from IVS (testing root tips only). Agar-grown root tips had 
higher q rates if sugar and nutrients were included in the rooting medium and both 
agar and IVS roots showed lower but similar q rates if tested under nitrogen rather 
than normal atmosphere.  
7.2 Introduction 
Chapters 3 and 4 showed that rooting percentages and root growth of Australian 
plants rooted in vitro in aseptic porous Stage 3 IVS medium were consistently 
superior to those of plants rooted in agar medium (Newell et al. 2005a). The most 
likely explanation for this is the fact that agar medium is hypoxic i.e. containing less 
than 0.5% dissolved oxygen (George 1996), which in turn limits the capacity of roots 
to respire and grow. In Trifolium subterraneum, root length and biomass was 80–
90% larger in porous compared with non-porous agar (Barrett-Lennard and Dracup 
1988). The IVS medium has an air-filled porosity of 25–30% and agar has an air-
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filled porosity of 0%. For conventional propagation mixes used for cuttings an air-
filled porosity of 20–30% is recommended (Hartman et al. 1997; Handreck and 
Black 1991). There is no reason to suppose that this requirement for oxygen for 
rooting cuttings does not also apply to rooting in vitro microcuttings. 
Plant metabolism, including respiration, is severely compromised under conditions of 
anoxia and hypoxia (Ricard et al. 1994). All stages of mitosis require oxygen 
(Amoore 1961) and the positive effects of medium aeration on respiration for both 
root initiation and elongation are well-documented (Gaspar and Coumans 1987). 
Oxygen has been shown to influence the controlled differentiation of cell cultures 
into root tissues (White 1939) and studies with Ficus benjamina and Chrysanthemum 
spp. indicate that dissolved oxygen is essential for root formation and root growth 
(Soffer and Burger 1988). Waterlogging limits access to oxygen which reduces 
respiration in areas of the plant with high energy demands such as root tips and this 
explains shorter root growth under hypoxic conditions (Ricard et al. 1994). 
Plant respiration can be measured using microcalorimetry or gas exchange methods. 
Microcalorimetry can be used as a method to measure rates of heat production (q) 
during plant metabolism. Metabolic heat rates in the dark, due to respiration, are 
proportional to reaction rates, which in turn are related to growth rates and rates of 
biochemical reactions in plant tissues (Criddle and Hansen 1999). In Eucalyptus 
globulus grown under different nitrogen treatments (Macfarlane 2003), heat rates 
were larger for root tips than for root tissue at 10–30 mm from the tips. 
Microcalorimetry has been used as a method to study how changes in the in vitro 
culture environment influences plant growth and efficiency including carrot cells, 
tobacco callus and carnation shoot cultures. The oxygen dependency of metabolism 
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of carrot cell cultures has been demonstrated as being directly proportional to the 
amount of O2 available and inversely proportional to tissue mass tested (Criddle et 
al. 1988). Once O2 becomes limiting, q rapidly drops. Burger (2002) described a 
linear relationship between dry mass and steady state heat rate (q) for carnation shoot 
tips and tobacco callus grown at temperatures between 10 and 25ºC in vitro. Gas 
exchange methods on whole plants employing IRGAs have been used to measure 
CO2 production (RCO2) as a measure of root respiration for intact apple plants 
(Psarras et al. 2000). Similar applications of IRGA technology in plant tissue culture 
have been used to estimate photosynthesis in vitro by Kozai (1991). 
To test the hypothesis that roots in IVS grow faster and have higher respiration rates 
than those in agar, q and RCO2 were measured for Stage 3 roots grown in either IVS 
or agar medium for a range of species. The species were chosen on the basis that they 
all have horticultural value. 
7.3 Materials and methods 
General experimental methods 
Calorimetric measurements were made with a Differential Scanning Calorimeter 
(Calorimetry Services Corporation) operated in isothermal mode at 25ºC. The 
calorimeter had four removable chambers (1 cm
3). In each experiment three 
replicated samples were placed in these chambers for simultaneous measurements of 
heat production over 25 min and the fourth was used as a reference chamber. 
Gas exchange measurements were made with an infrared gas analyser (Qubit S151
® 
IRGA) connected to an AC gas pump and flow meter set at a rate of 0.5 L min
-1 
making a closed system with a total volume of 110 ml. Plant material was placed into 
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a 30 ml chamber in the dark and the rate of CO2 production was recorded using a Lab 
Pro
® interface and Logger Pro
® software. 
The M1 medium was ½ MS (Murashige 1962) containing 10 g L
-1 sucrose and 8 g L
-
1 agar and had the pH adjusted to 7 prior to autoclaving. The RM40 auxin pulsing 
medium was M1 containing 40 µM IBA. Fifty ml aliquots of both the M1 and RM40 
were dispensed into 250 ml plastic tubs prior to sterilisation. The IVS medium was 
comprised of sphagnum peat, coarse river sand (1–3 mm diameter) and perlite 
(Horticulture grade P500) at a ratio of 0.5:2:2 containing 2 g L
-1 horticultural lime 
and a pre-autoclave pH 6.8 and an air-filled porosity of 25–30%. The IVS medium 
was added to seedling punnets (Masrac™ 720 MK8LL punnet, 120 x 50 x 50 mm), 
watered to saturation and allowed to drain before being placed separately into 1 L 
plastic take-away food containers to be sterilised. Microcuttings were exposed to the 
high auxin medium (RM40) for 24 h in the dark at 20°C then placed into the IVS 
mix. The punnets of microcuttings were replaced into the take away food container 
and a second empty container was placed over the top and attached with plastic wrap. 
Details of culture vessels are as described in Chapters 3 and 4 (Newell et al. 2003; 
2005a). The M1 and RM40 auxin pulsing media were sterilised at 121°C and 1.05 kg 
cm
-2 for 20 min and the IVS medium for 40 min prior to use. 
Cultures were maintained at a constant temperature of 22°C and a 16:8 h light:dark 
regime at a PAR level of 50 µmol m
-2 s
-1 during the root elongation phase. To obtain 
dry weights plant tissues were dried for 24 h at 65ºC. Percentage succulence was 
determined by subtracting the dry weight from the fresh weight and then dividing by 
the fresh weight multiplied by 100. Average root length per microcutting was 
determined from a digitally acquired photograph using ASSESS
® software. 
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Experiment 1. Respiration (steady state heat rate (q)) of root tips of 10 species 
rooted in agar or IVS media 
The following species were tested: Actinodium cunninghamii Schauer, 
Conospermum eatoniae E. Pritz, Goodenia ovata Smith, Grevillea thelemanniana 
Huegel ex Endl, Scaevola aemula L. ‘Purple Fanfare’, Scaevola caliptera L., 
Pimelea physodes Hook., Verticordia grandis J. L. Drumm and a Verticordia 
plumosa (Desf.) Druce x Chamelaucium uncinatum Schauer. hybrid. 
For each species, uniform microcuttings were prepared and placed into RM40 
pulsing medium as described in Chapter 3 after which they were transferred to either 
M1 agar or IVS rooting medium to root. After 21 days on either M1 or IVS, the 
rooted microcuttings were removed from the rooting medium and the root tips (1 cm) 
were severed with a scalpel, bulked together (50–100 mg FW per sample), and the 
steady state heat rate determined. The time elapsed between excision and the first 
reading from the chamber was 5–10 min. 
Experiment 2. The effect of including nutrients and sugar in the agar medium 
on root tip steady state heat rate (q) compared with IVS 
Since the results of Experiment 1 did not support the hypothesis that q values for IVS 
roots would be higher than those for M1 roots, the effect of sugar and nutrients in the 
agar medium was investigated to determine if these amendments affected q rates. 
Uniform 25 mm tip microcuttings of Grevillea thelemanniana were pulsed in RM40 
overnight and transferred to IVS or one of the following agar-based media: M1, M1 
minus sucrose, water agar with no nutrients plus sucrose (20 g L
-1), water agar with 
no nutrients and no sucrose. After 21 days, rooted microcuttings were carefully 
removed from the rooting medium and the root tips (1 cm) collected (50–100 mg 
FW) as described above, and the steady state heat rate determined. 
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Experiment 3. Steady state heat rate (q) for roots tested under oxygen or 
nitrogen atmospheres 
Since the results of Experiment 1 did not support the hypothesis, the effect of 
hypoxic or aerobic testing conditions was studied. 
Uniform microcuttings of Grevillea thelemanniana were pulsed in RM40 overnight 
and transferred to M1 and IVS to root. After 21 days, rooted microcuttings were 
carefully removed from the rooting medium and the root tips (1 cm) collected (50–
100 mg FW). Three replicates were placed into their testing chambers and q 
measured as above and then a further three replicates placed into chambers flushed 
with nitrogen to eliminate any oxygen present and then the steady state heat rate was 
determined. 
Experiment 4. Gas exchange respiration rates (RCO2) for agar and IVS roots 
Uniform microcuttings of Grevillea thelemanniana were pulsed in RM40 overnight 
and transferred to M1 and IVS to root. After 21 days, rooted microcuttings were 
removed from the rooting medium, digitally photographed to determine their root 
length, as described above, and within 5 min the entire root mass placed into the 
testing chamber coupled to the infrared gas analyser for measuring RCO2. Dry weight, 
percentage succulence, average root length and RCO2 were determined. 
Statistical analysis 
For steady state heat production (q), three measurements were averaged and 
expressed on a dry weight (mg) basis per treatment. Each species in Experiment 1 
was tested independently in a completely randomised design. Treatment means were 
subjected to Student’s t-test at the 5% level. Each mean comprised measurements for 
three replicate samples of root tips. Two repeat experiments were undertaken to 
confirm the results and the data shown are from one experiment. 
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The data for Experiments 2 and 3 were analysed by analysis of variance (ANOVA) 
using SPSS (version 11.5). Treatment means were compared by Tukey’s HSD 
multiple comparison procedure at the 5% level. Each mean comprised measurements 
for three replicate samples of root tips. Two repeat experiments were undertaken to 
confirm the results and the data shown are from one experiment. 
For Experiment 4 each mean represents eight measurements from three replicate 
samples of entire root systems. Two repeat experiments were undertaken to confirm 
the results and the data shown are from one experiment. Treatment means were 
subjected to Student’s t-test at the 5% level. Percentage succulence data were 
arcsine-transformed prior to analysis. 
7.4 Results 
Experiment 1. Respiration (steady state heat rate (q)) of root tips of 10 species 
rooted in agar or IVS media 
Eight of the nine species tested for root tip q had higher steady state heat rates for 
agar compared to IVS (Table 7.1), of which four were significantly (P<0.05) greater. 
The single exception was the Verticordia hybrid which had a significantly (P<0.05) 
higher q for IVS. Four species — Actinodium cunninghamii,  Conospermum 
eatoniae-4, Grevillea thelemanniana and Scaevola aemula — all had M1 q rates 
significantly (P<0.05) greater than IVS while for Goodenia ovata, Scaevola 
caliptera, Pimelea physodes-6  and Verticordia grandis there was no significant 
(P<0.05) difference (Table 7.1). The initial findings in Table 7.1 were subsequently 
confirmed with two repeat experiments (data not shown). 
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Table 7.1. Steady state heat rate (q mg  DW) for root tips of nine Australian species 
21 days after being placed in agar or IVS rooting medium. Means and SE of three 
measurements are shown. Significance between treatments determined by Student’s 
t-test
-1
.
Steady state heat rate 
(q mg
-1 DW) 
Family Species 
Root tips 
from agar 
Root tips 
from IVS 
Significance
Goodenia ovata  21.2 ± 0.9  18.3 ± 1.3  ns 
Scaevola aemula  33.9 ± 1.3  15.1 ± 3.3  P<0.01 
Goodeniaceae 
Scaevola caliptera  51.4 ± 3.1  47.4 ± 1.4  ns 
Grevillea thelemanniana  39.8 ± 2.4  23.6 ± 2.2  P<0.01  Proteaceae 
Conospermum eatoniae-4 15.0 ± 1.4  6.8 ± 0.4  P<0.05 
Thymelaeaceae Pimelea physodes-6  13.3 ± 0.9  10.6 ± 2.7  ns 
Verticordia hybrid  16.8 ± 0.5  19.9 ± 0.9  P<0.05 
Verticordia grandis  29.9 ± 2.8  24.8 ± 3.3  ns 
Myrtaceae 
Actinodium cunninghamii 22.3 ± 1.4  11.4 ± 1.5  P<0.01 
 
Experiment 2. The effect of including nutrients and sugar in agar medium on 
root tip steady state heat rate (q) compared with IVS 
Root tips of Grevillea thelemanniana from agar with sugar and nutrients (M1) had 
the highest steady state heat rates (Table 7.2). Root tips grown in M1 without 
sucrose, water agar and sucrose or in water agar all had significantly (P<0.05) lower 
steady state heat rates compared with M1. IVS rates were intermediate and, as in 
Experiment 1, lower than those for roots from M1 medium. 
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Table 7.2. Steady state heat rate (q mg
-1 DW) for root tips of Grevillea 
thelemanniana 21 days rooted in either M1, M1 without sucrose, agar water with 
sucrose, agar water only and IVS. Means and SE represent three measurements. 
Significance between treatment means determined at P<0.05 by Tukey HSD test. 
Medium  Steady state heat rate q mg
-1 DW 
M1  27.1 ± 2.5 b
1
M1, no sucrose  15.2 ± 0.9 a 
Water agar with sucrose  14.8 ± 1.3 a 
Water agar   16.0 ± 1.4 a 
IVS  20.8 ± 1.6 ab 
1 numbers with different letters are significantly (P<0.05) different. 
Experiment 3. Steady state heat rate (q) for roots tested under oxygen or 
nitrogen atmospheres 
M1 and IVS root tips tested under normal atmosphere had similar steady state heat 
rates, both of which were significantly (P<0.05) greater than the M1 and IVS root 
tips tested under nitrogen (Table 7.3). There was no significant difference between 
the steady state heat rate between roots taken from M1, an hypoxic agar medium 
(and tested under nitrogen), and those from the aerated IVS medium when tested 
under nitrogen. 
Table 7.3. Steady state heat rate (q mg
-1  DW) for root tips of Grevillea 
thelemanniana 21 days rooted either in agar (M1) or IVS and q determined under an 
aerobic (normal) or anaerobic (plus nitrogen) atmosphere. Means and SE represent 
three measurements. Significance between treatment means determined at P<0.05 by 
Tukey HSD test. 
Rooting medium  Chamber gas  Steady state heat rate q mg
-1 DW 
air  45.5 ± 1.1 a
1 M1 agar 
nitrogen  24.7 ± 0.4 b 
air  49.5 ± 4.7 a  IVS 
nitrogen  28.1 ± 1.3 b 
1 numbers with different letters are significantly (P<0.05) different. 
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Experiment 4. Gas exchange respiration rates (RCO2) for agar and IVS entire 
root mass 
Respiration assessed as RCO2 of the entire root mass from the IVS medium was 
significantly (P<0.05) higher than those measured from agar medium. Root dry 
weight (mg) and length (mm) were also significantly greater (P<0.05) in IVS roots 
compared with M1 roots while percentage succulence was significantly less (P<0.05) 
(Table 7.4). 
Table 7.4. Various root parameters of Grevillea thelemanniana 21 days after being 
placed in agar or IVS rooting medium. Means and SE represent eight measurements. 
Significance between treatments determined at by Student’s t-test. 
Parameter per plantlet  Agar  IVS  Significance 
DW (mg)  1.02 ± 0.17  1.49 ± 0.12  P<0.05 
% succulence  77.8 ± 8.3  63.3 ± 2.1  P<0.05 
Root Length (mm)  35.6 ± 2.2  104.0 ± 6.9  P<0.001 
µM CO2 mg
-1 DW min
-1 0.03 ± 0.002  0.04 ± 0.003  P<0.05 
 
7.5 Discussion 
Measurements of root number and root length indicated that roots grew faster in IVS 
than in the agar medium (Chapters 3, 4 and 5).  The steady state heat data (q) 
measured using microcalorimetry did not support the hypothesis that IVS roots were 
respiring at higher rates compared to agar grown roots while the RCO2 data did 
support this hypothesis. The material tested for the two assessments differed: for 
microcalorimetry 1 cm root tips were used while for the gas exchange experiment the 
intact root mass was included and this may partially explain the difference in results. 
Of the nine species tested, only the Verticordia hybrid species had significantly 
greater q rates in IVS compared to M1. There is no obvious explanation for this and 
even though the q rates for Grevillea thelemanniana were always higher for roots in 
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M1 compared to those in IVS the actual values for q varied between experiments 
suggesting a source of variation other than a medium effect. 
Heat production (q mg
-1 DW) under anaerobic testing conditions was lower for root 
tips grown in either aerobic or anaerobic environments compared with aerobic testing 
conditions (Table 7.3). This suggests that M1-grown root tips were respiring at rates 
commensurate with normal aerobic conditions by the time they were tested. The time 
between extracting roots from the media and measurement of q was approximately 
5–10 min. To check whether a change in respiration occurs during this period it 
would be necessary to isolate root tips and seal them into the testing chamber under a 
hypoxic environment; this was not attempted because of logistical constraints. 
The RCO2 (µM CO2 mg
-1 DW min
-1) rate indicated that the entire IVS root mass was 
respiring at a rate higher than the entire M1 root mass (Table 7.4) and the higher 
RCO2 supports the various root parameters in Table 7.4 which are all significantly 
greater for IVS roots. In this case, it took 5 min to extract, photograph and weigh the 
root mass before testing. 
For agar-grown root tips of Grevillea thelemanniana the addition of both sugar and 
nutrients increased the relative q response (Table 7.2) while individually, sugar and 
nutrients did not. IVS does not contain added sugar or nutrients. It has been shown 
that carbohydrate loading S2 cultures prior to rooting can have a positive effect 
(Wainwright and Scrace 1989) on S3 rooting percentage and S4 growth performance. 
The rooting percentages and root numbers increased for Pelargonium zonale 
plantlets with the addition of another carbohydrate, saccharose, to the S3 medium 
(Aldrufeu 1987). In the case of Grevillea thelemanniana (Experiment 2), percentage 
rooting was 100% for both M1 and IVS and less than 80% for the other treatments 
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(data not shown). The q rates for agar-grown roots may partly be a response to 
increased oxygen exposure during testing as well as benefiting from the addition of 
both sucrose and nutrients in the agar medium. 
Even though the IVS q data on their own do not show higher rates, root growth for 
many Australian plants is almost always greater in IVS compared to hypoxic agar 
medium (Chapter 4). Root growth is impaired by the hypoxia of waterlogged 
conditions (Drew 1983), a characteristic of solid agar medium due to its air-filled 
porosity of 0%. Agar-induced root hypoxia reduced Trifolium subterraneum energy 
production by 95% (Barrett-Lennard and Dracup 1988). 
In some cases, waterlogging causes ethylene accumulation around the root due to 
poor ventilation, and this can retard root development (Jackson 1985) and the extent 
to which ethylene contributes to the current data is unclear. Ethylene may also be 
induced as a wound response during sampling but Burger (2002) and Criddle and 
Hansen (1999) both indicated that the levels are unlikely to contribute to excessive 
respiration rates and should not confound the calorimetric data. 
It is possible to measure RCO2 using microcalorimetry by inserting a NaOH base trap 
in the testing chamber and measuring the net heat production from the reaction of 
CO2 with base. The CO2 reaction heat rate divided by the change in enthalpy for 
carbonate formation during the reaction of CO2 with NaOH in the base trap (108.4 µJ 
mol
-1) can be used to determine RCO2 (Hansen et al. 1994). Attempts to determine 
RCO2 for Grevillea thelemanniana using this method were inconclusive (data not 
shown) and the procedure was abandoned. 
The data do not indicate how efficiently the roots are growing in the different 
treatments. If the rate of RCO2 conversion to root length efficiency is considered (as 
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RL/RCO2) then, in the case of Grevillea thelemanniana (Table 7.5), IVS roots are 2.2 
times more efficient than M1 roots. Further studies should focus on several areas. 
There is a sampling methodology problem with roots being grown in hypoxic 
conditions and tested in aerobic conditions. Solving this may require agar roots to be 
measured in situ or harvested under an anaerobic atmosphere. The role of added 
sugar and nutrients in the rooting medium and the relationship of relative growth to 
growth efficiency in roots (Macfarlane et al. 2002) using the conventional model of 
waterlogging would also provide a useful insight into the application of IVS to other 
plants. Further studies should focus on measuring agar-grown roots in situ to avoid 
added oxygen and to modeling the efficiency of root growth in porous and non-
porous in vitro media based on physiological responses to waterlogging. 
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Chapter 8. In vitro shade acclimation of IVS-rooted 
microcuttings 
 
 
Having seen the benefits of porous in vitro rooting medium in Stage 3, this 
Chapter 8 investigates the photosynthetic capacity of leaves of microcuttings 
rooted in the IVS system. Leaves had normal shade adaptive responses and the 
ability to adapt to increasing light levels. This capacity is integral to acquiring 
photosynthetic competency during Stage 4. 
 
 
 
 
 
 
 
8.1 Abstract 
Leaves of microcuttings rooted in IVS were excised and leaf photosynthesis 
determined using a portable IRGA (Qubit S151 ) connected to an AC gas pump and 
flow meter) and the rate of CO2 uptake or production (RCO2) was recorded using a 
Lab Pro
® interface and Logger Pro
® software. The use of the gas exchange 
equipment demonstrated that leaves had normal shade-adapted responses in the 
culture room (stage 3.2) and in the nursery (Stage 4). Plants were grown in the 
culture room at PAR 50 and 110 µmol m
-2 s
-1 and were shown to develop greater 
photosynthetic capacity when exposed to higher light levels. Unexpectedly high net 
CO2 uptake rates occurred in the older leaves of Scaevola aemula, Grevillea 
thelemanniana and Goodenia affinis which had been grown in S2. Young leaves of 
greenhouse-grown plants had a normal shade acclimation response. 
8.2 Introduction 
The acquisition of photosynthetic competence and the capacity to photosynthesise 
(Pn) is a critical physiological requirement of the S4 acclimatisation stage of 
micropropagation, as is root strike which has been discussed in previous Chapters. 
Acclimatisation is the gradual hardening of in vitro laboratory-grown plant material 
to ex vitro nursery conditions (Aitken-Christie et al. 1995) and describes the changes 
of plants in response to alterations in the growing environment. Hardening-off is a 
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horticultural term generally used to describe the preparation of rooted cuttings so 
they can be transferred from the high relative humidity of the propagation area to the 
less environmentally-controlled areas of the nursery (Hartmann et al. 1997). In plant 
tissue culture, acclimatisation describes the environmental transition from the 
laboratory to the propagation area and involves a drop in relative humidity (RH), and 
increases in temperature fluctuations, light levels (PAR) and pathogen exposure 
(Aitken-Christie et al. 1995). 
Plant material in vitro grows in conditions of high RH, low PAR and on culture 
medium that includes carbohydrate as an energy source. These conditions induce 
what Pospisilova et al. (1988) refer to as ‘abnormalities’ including ineffective water 
retention capacity because stomata of in vitro-grown plants have a slow initial 
response to a drop in RH (Preece and Sutter 1991). This in turn results in high 
uncontrolled transpiration rates, wilting and low levels of Pn, all of which 
compromise acclimatisation. The addition of sucrose to plant tissue culture (PTC) 
medium to increase carbohydrate reserves prior to acclimatisation can affect S4 Pn in 
different ways (de Riek and van Huylenbroeck 1994; van Huylenbroeck and Debergh 
1996a). 
Plants growing in conventional PTC systems normally grow on culture medium 
supplemented with a carbohydrate source and these are termed photomixotrophic 
(PM). Photoautotrophic (PA) systems do not include carbohydrate and are 
characterised by higher PAR and increased ventilation rates (Kozai and Zobayed 
2000). Nguyen and Kozai (2001) define PM culture conditions as 30 g L
-1 sucrose 
and a ventilation rate of 0.2 exchanges h
-1 and PA as 0 g L
-1 sucrose and a ventilation 
rate of 3.9 exchanges h
-1. 
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Pn is a function of light intensity and plants grown in vitro in culture rooms are 
normally exposed to light levels of 30–60 µmol m
-2 s
-1. These levels are much lower 
than those found in the acclimatisation (propagation) area of a nursery which would 
normally be in the vicinity of 200 µmol m
-2 s
-1 or greater (Hartmann et al. 1997). 
Pre-conditioning plants to higher light intensities in vitro can induce a Pn response. 
Micropropagated grapevine was acclimatised to increased light intensity in vitro 
(Amancio et al. 1999). When plantlets were exposed to 40 or 90 µmol m
-2 s
-1 for 12 
and 16 h, respectively (effective daily light integral of 480 versus 1440 µmol m
-2 s
-1), 
the high light regime induced an increase in the chlorophyll a/b ratio and net Pn. 
Both of these responses are typical of the generalised differences between low 
(shade) and high (sun) light acclimated leaves as summarised in Lambers et al. 
(1998). Lambers et al. list several other structural, biochemical and gas exchange 
characteristics of sun and shade leaves including the observations that Pn and RCO2 
per unit leaf area will be higher for sun leaves compared to shade while Pn per dry 
mass will be similar. In general, photosynthetic capacity per unit leaf area should be 
higher in leaves grown at higher light levels and normal shade adaptive responses are 
more likely with younger rather than older leaves. 
As light intensity increases CO2 uptake for leaves is light-limited in the first instance 
and then becomes carboxylation-limited due to a lack of CO2  substrate, an 
underdeveloped photosystem, photo-oxidation (Lambers et al. 1998) or a 
biochemical reason, e.g. some nutritional limitation. Also as light intensity increases, 
Pn becomes CO2-limited in poorly ventilated culture vessels. In PA systems, 
ventilation, including forced ventilation, and the addition of higher CO2 levels 
ensures that Pn is not substrate-limited. 
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An increased ventilation rate helps PA growth in two ways. A slightly reduced RH 
can modify leaf anatomy by increasing wax deposition (Grout and Aston 1977) and 
can also lower stomatal density as observed with Rosa spp. (Danesh and Taji 2002). 
Stomatal dysfunction is one of the consequences of growing plants in the high RH of 
an enclosed, passively-ventilated culture vessel and when these leaves are exposed to 
a drop in RH for the first time they are slow to respond and stay open for long 
periods (Grout and Aston 1977). When conditioned in S3 by being given as little as a 
single day’s exposure to reduced RH immediately prior to S4, leaf stomata of 
Eucalyptus were observed to open and close normally (Kirdmanee et al. 1996). 
Prior to root induction, the microcutting needs adequate carbohydrate reserves to 
induce root formation, or must be acclimatised in vitro so PA metabolism can 
support root growth (Adelberg et al. 1999). IVS is free of added carbohydrates and is 
a PA rooting system with passive ventilation. All observed growth in IVS is either a 
result of endogenous carbohydrates or Pn. 
Net CO2 uptake can be measured directly using leaf material and expressed on a leaf 
area, fresh or dry weight without harvesting the whole plant. This chapter 
investigates the hypothesis that increasing the light level during the IVS S3.2 rooting 
period will induce an increased Pn capacity which will be reflected in an increased 
net CO2 uptake. 
8.3 Materials and methods 
Plant species 
Scaevola aemula and Grevillea thelemanniana were used to test the hypothesis due 
to their availability in both the laboratory and greenhouse. Because the gas exchange 
results for S2 S. aemula leaves were unexpected, four additional species from the 
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Goodeniaceae were included: Anthotium rubriflorum-1,  Anthotium rubriflorum-6, 
Goodenia affinis and Goodenia ovata. 
Medium and culture conditions 
The S3.1 auxin-pulsing medium (RM40), was M1 containing 40 µM IBA. Fifty ml 
aliquots of RM40 were dispensed into 250 ml polycarbonate tubs (Sarstedt
® 
Australia) prior to sterilisation. The S3.2 IVS medium was comprised of sphagnum 
peat, coarse river sand (1–3 mm diameter) and perlite (Horticulture grade P500) at a 
ratio of 0.5:2:2 containing 2 g L
-1 horticultural lime and a pre-autoclave pH of 6.8 
and an air-filled porosity of 25–30%. The IVS medium was added to seedling 
punnets (Masrac™ 720 MK8LL punnet, 120 x 50 x 50 mm), watered to saturation 
and allowed to drain before being placed separately into 1 L plastic take-away food 
containers to be sterilised. Microcuttings were exposed to the high auxin medium 
(RM40) for 24 h in the dark at 20°C then placed into the IVS mix. The punnets of 
microcuttings were replaced into the take-away food container and a second empty 
container was placed on top and attached with plastic wrap. Details of culture vessels 
are as described in Chapters 3 and 4 (Newell et al. 2003; 2005a). The RM40 auxin-
pulsing media were sterilised at 121°C and 1.05 kg cm
-2 for 20 min and the IVS 
medium for 40 min prior to use. 
The S3.2 cultures were maintained at 22°C and a 16:8 hour light regime at a PAR 
level of 50 or 110 µmol m
-2 s
-1 for the low (E50) and high (E110) treatments, 
respectively, for 3 weeks after which the measurements were taken. 
Fully acclimatised plants of S. aemula and G. thelemanniana were grown in the 
greenhouse at temperatures ranging from 18 to 26°C and a daylength of 
approximately 14 h under two levels of natural light at a PAR of 150 or 300 µmol m
-
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2 s
-1 for the low (E150) and high (E300) treatments respectively for four weeks and then 
tested. 
Experimental design 
Experiment 1 
S. aemula was tested for net CO2 uptake first with S2 leaves and then with S3.2 
leaves. G. thelemanniana was tested twice using S2 leaves as adequate amounts of 
S3.2 material could not be collected. Both species were tested after 21 days in S3.2 
medium and leaf material was collected randomly from 4 culture vessels. Each test 
was of eight leaves tested individually. 
Experiment 2 
The following species from the Goodeniaceae were tested: Anthotium rubriflorum-1, 
Anthotium rubriflorum-6 Goodenia affinis and Goodenia ovata. Species were tested 
after 21 days in S3.2 medium and leaf material was collected randomly from 4 
culture vessels. For each species (new leaves were tested twice) each test was eight 
leaves tested individually. 
Experiment 3 
Fully acclimatised plants of S. aemula and G. thelemanniana were grown in the 
greenhouse at temperatures ranging from 18 to 26°C and a daylength of 
approximately 14 h under two levels of natural light at a PAR of 150 or 300 µmol m
-
2 s
-1 for the low (E150) and high (E300) treatments, respectively, for four weeks. New 
leaves which had grown under the experimental light regimes, and older leaves, were 
tested twice for net CO2 uptake, each test was eight leaves tested individually. 
Gas exchange measurements 
Gas exchange rates were measured using the gas exchange equipment described in 
Chapter 7 (see below) fitted with an added light source. Light levels were measured 
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using a LiCor Inc™ Quantum/Radiometer/Photometer Model LI-185B. The relative 
humidity of the culture room environment was 50%. Light was supplied by a Qubit 
Systems™ Halogen Light Source (A111) at a PAR of 1000 µmol m
-2 s
-1. Neutral 
filters were used to shade the testing chamber to light levels of 90, 180, 360 and 720 
µmol m
-2 s
-1 and dark respiration was measured by turning off the light source and 
covering the testing chamber with aluminium foil. The filters were placed between 
the light source and a water bath which was placed directly over the testing chamber. 
The water bath was changed every 20 min. 
Gas exchange measurements were made with an infrared gas analyser (Qubit 
Systems S151
® IRGA) connected to an AC gas pump and flow meter set at a rate of 
0.5 L min
-1 making a closed system with a total volume of 110 ml. Plant material 
was placed into a 30 ml chamber and the rate of CO2 uptake or production was 
recorded using a Lab Pro
® interface and Logger Pro
® software. 
For S3.2 cultures, after 21 days in rooting medium, leaf material (50–100 mg) was 
sampled from the E50 (low) or E110 (high) treatments. Persistent carry over leaves 
which had grown in S2 and fully expanded S3.2 leaves were tested. Initially, S2 
leaves were tested since shoot growth was minimal over this time. When these leaves 
produced unexpected results for S. aemula and G. ovata, the experiment was 
repeated using leaves produced during S3.2. Leaf material was weighed, digitally 
photographed and placed into the testing chamber to stabilise for 60 s and then 
stepped through increasing light levels beginning at 90 µmol m
-2 s
-1 for 2 min after 
which the light was increased to the next level for a further 2 min until the end of the 
720 µmol m
-2 s
-1 level when the chamber was darkened with aluminium foil so that 
dark respiration rate could be measured. The slope of the second minute of each 
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testing period was used to determine net CO2 uptake which was then expressed as net 
CO2 uptake per cm
2 leaf area, per mg fresh weight and per mg dry weight. 
S. aemula and G. thelemanniana S4 leaf material (50–100 mg) was sampled from the 
E150 (low) and the E300 (high) treatments and measured as above. 
Statistical analysis 
Each plant was tested independently in a randomised experimental design to 
investigate species response; statistical comparisons between species were not 
considered as essential for this experiment. For each species, at each light level, net 
CO2 uptake was measured by repeating the testing protocol eight times and then 
determining the mean and SE. For each PAR, means for the two treatments were 
compared using Students T test at P=0.05. Immediately prior to testing, fresh weight 
was measured and a digital photograph was taken to determine leaf area using 
ASSESS
® image analysis software. To obtain dry weights, plant tissues were dried 
for 24 h at 65ºC. 
8.4 Results 
The results of the analyses were combined and discussed on a species basis. 
Scaevola aemula 
S2 leaves produced unexpected results (Fig. 8.1ABC) where net CO2 uptake for the 
leaves under the low light, E50 treatment was significantly (P<0.05) greater on a leaf 
area, dry and fresh weight basis compared with the E110 treatment, but when S3.2 
leaves were assessed the relative net CO2 uptake rates were as expected (Fig. 
8.1DEF). Net CO2 uptake for persistent older S4 leaves showed a similar pattern to 
the S2 leaves both on a dry and fresh weight basis (Fig. 8.2BC). The younger S4 
leaves showed a normal response (Fig. 8.2DEF) and the E300 net CO2 uptake from 90 
to 360 µmol m
-2 s
-1 were significantly greater (P<0.05) than the E150 rates. 
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Respiration rates of E300 younger S4 leaves were significantly (P<0.05) greater (Fig. 
8.2DEF) than in E150. 
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Fig. 8.1. Net CO2 uptake of Scaevola aemula leaves after 21 days in S3.2 rooting 
medium in the culture room at either 50 µmol m
-2 s
-1 (– – –) or 110 µmol m
-2 s
-1
  (—
—). A, B and C are data from persistent S2 leaves while D, E and F are from S3.2 
grown leaves. Net CO2 uptake was measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 
and paired data between the 50 and 110 µmol m
-2 s
-1 treatments with a ‘*’ are 
significantly different (P<0.05). 
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Fig. 8.2. Net CO2 uptake of Scaevola aemula leaves after 21 days in the greenhouse 
at either 150 µmol m
-2 s
-1 (– – –) or 300 µmol m
-2 s
-1 (——). A, B and C are data 
from persistent older leaves while D, E and F are from newer grown leaves. Net CO2 
uptake was measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between 
the 150 and 300 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different 
(P<0.05). 
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Grevillea thelemanniana 
The net CO2 uptake of S2 leaves were unexpected and showed a pattern as in S. 
aemula, although the difference was generally not significant (P<0.05) (Fig. 8.3). 
Both the older persistent and younger S4 leaves showed more typical response 
curves (Fig. 8.4) and all the S4 E300 young leaves had significantly (P<0.05) greater 
respiration rates compared to the E150 young leaves (Fig. 8.4DEF). 
Anthotium rubriflorum-1 
S2 leaves had normal shade adaptive responses (Fig. 8.5) and the E110 net CO2 
uptake based on leaf area, dry weight, and fresh weight were significantly (P<0.05) 
greater at most PAR levels compared to the E50 treatment. Respiration rates were all 
greater for the E110 treatment. 
Anthotium rubriflorum-6 
Responses of Anthotium rubriflorum-6 (Fig. 8.6) were similar to Anthotium 
rubriflorum-1. 
Goodenia affinis 
S3.2 leaves showed a typical net CO2 uptake response (Fig. 8.7DEF) but the S2 
leaves did not (Fig. 8.7ABC). Maximum net CO2 uptake was still increasing at PAR 
720 for both sets of leaves. 
Goodenia ovata 
The net CO2 uptake on the basis of leaf area data was typical (Fig. 8.8A) but 
generally not significantly different (P<0.05). When the data was expressed on the 
basis of dry weight for leaves grown at low and high treatments the results showed 
the reverse (Fig. 8.8BC), with significant differences (P<0.05). 
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Fig. 8.3. Net CO2 uptake of Grevillea thelemanniana leaves after 21 days in S3.2 
rooting medium in the culture room at either 50 µmol m
-2 s
-1 (– – –) or 110 µmol m
-2 
s
-1
  (——). A, B and C are data from persistent S2 leaves. Net CO2 uptake was 
measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between the 50 and 
110 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different (P<0.05). 
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Fig. 8.4. Net CO2 uptake of Grevillea thelemanniana leaves after 21 days in at either 
150 µmol m
-2 s
-1 (– – –) or 300 µmol m
-2 s
-1 (——) in the greenhouse. A, B and C 
are data from persistent older leaves while D, E and F are from newer grown leaves. 
Net CO2 uptake was measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data 
between the 150 and 300 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different 
(P<0.05). 
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Fig. 8.5. Net CO2 uptake of Anthotium rubriflorum-1 leaves after 21 days in S3.2 
rooting medium in the culture room at either 50 µmol m
-2 s
-1 (– – –) or 110 µmol m
-2 
s
-1
  (——). A, B and C are data from persistent S2 leaves. Net CO2 uptake was 
measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between the 50 and 
110 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different (P<0.05). 
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Fig. 8.6. Net CO2 uptake of Anthotium rubriflorum-6 leaves after 21 days in S3.2 
rooting medium in the culture room at either 50 µmol m
-2 s
-1 (– – –) or 110 µmol m
-2 
s
-1
  (——). A, B and C are data from persistent S2 leaves. Net CO2 uptake was 
measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between the 50 and 
110 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different (P<0.05). 
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Fig. 8.7. Net CO2 uptake of Goodenia affinis leaves after 21 days in the greenhouse 
at either 150 µmol m
-2 s
-1 (– – –) or 300 µmol m
-2 s
-1 (——). A, B and C are data 
from persistent older leaves while D, E and F are from newer grown leaves. Net CO2 
uptake was measured at 0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between 
the 150 and 300 µmol m
-2 s
-1 treatments with a ‘*’ are significantly different 
(P<0.05). 
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Fig. 8.8. Net CO2 uptake of Goodenia ovata leaves after 21 days in S3.2 rooting 
medium in the culture room at either 50 µmol m
-2 s
-1 (– – –) or 110 µmol m
-2 s
-1
  (—
—). A, B and C are data from persistent S2 leaves. Net CO2 uptake was measured at 
0, 90, 180 360 and 720 µmol m
-2 s
-1 and paired data between the 150 and 300 µmol 
m
-2 s
-1 treatments with a ‘*’ are significantly different (P<0.05). 
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8.5 Discussion 
All plants tested showed a normal acclimation response to higher PAR in the IVS 
system. Newer leaves (those which had grown during the S3.2 testing period) had 
normal shade adaptive results and this has been observed for grapevine and chestnut 
where leaves formed during acclimatisation had higher Pn capacity than S2 leaves 
(Carvalho et al. 2001). New leaves which had grown in the treatment environments 
were physiologically adapted to the light levels and gave expected shade acclimation 
response curves. 
Unexpected net CO2 uptake results were observed with the older leaves of Scaevola 
aemula, Grevillea thelemanniana and Goodenia affinis (which had grown in S2) and 
thus were not species specific. One explanation for the unexpected responses is that 
the S2 leaves may have had lower respiration rates compared with S3.2 leaves. 
However significant differences in dark respiration were not observed. Another 
possibility is that photorespiration was greater in S3.2 compared to S2 leaves but this 
was not assessed. Salisbury and Ross (1992) suggested that a strong demand by 
shoot formation could create competition for the energy required to remobilise 
nitrogen leading to a drop in Pn. 
A third possibility is that the S2 leaves may have been stressed due to photo-
oxidation. Photo-oxidation occurs in the chloroplasts, especially photosystem II, 
because absorbed light energy can not be transferred to the normal electron-accepting 
components thus leading to excessive oxidation. Exposure to high light may have 
caused increased damage to the S2-formed leaves while those under low light were 
unharmed. Hence the S2 leaves grown in low light should have better or equal rates 
of CO2 uptake as those exposed to high light. 
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The extent of photo-oxidation can be measured using chlorophyll fluorescence 
(Krause and Weis 1991). The kinetics of chlorophyll fluorescence gives an insight 
into the extent of photo-degradation of photosystem II in the chloroplasts. A decrease 
in variable over maximal fluorescence (Fv/Fm) indicates a photo-inhibition effect 
(Seon et al. 2000). Photo-inhibition of Spathiphyllum ‘Petite’ plants was greatest for 
plants grown at PAR 300 compared to 100 µmol m
-2 s
-1 but regardless, once ex vitro, 
newly formed leaves (S3.2) had higher net Pn compared to S2 leaves (van 
Huylenbroeck et al. 1995). 
Net CO2 uptake between S2 and S3.2 Scaevola aemula leaves were similar on a leaf 
area and fresh weight basis. The S3.2 dry weight net CO2 uptake rates were up to 
twice as great as those for the S2 leaves (Fig. 8.1BE). This may be due to a greater 
mass of the mature S2 leaves compared to the younger, S3.2 leaves. The closely 
related species selections A. rubriflorum-1 and A. rubriflorum-6 gave very similar 
results (Figs. 8.5 and 8.6). 
Plants in closed vessels become starved of CO2 during light periods as uptake can 
deplete CO2 in the culture vessel (Solarova 1989). Light intensity can have an effect 
on root initiation. Blomstedt et al. (1991) reported that high light inhibited rooting 
for Eucalyptus regnans and shortened the days to 12 h at low light for best results. 
Increased S3 lighting has been shown to reduce rooting in Asparagus officinalis 
(Andreassen and Ellison 1966), African violets (Bilkey et al. 1977) and gerbera 
(Pierik  et al. 1975). In blackcurrant, high light levels increased the time to root 
emergence (Wainwright and Scrace 1989). Increasing the levels of Pn during rooting 
did not improve rooting performance in strawberry (Zhou et al. 2005). The effects of 
two different S3.2 treatments on S4 acclimatisation showed that plantlets rooted 
under 90 µmol m
-2 s
-1 and 800 ppm CO2 developed better functional photosynthetic 
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apparatus (as reflected in chlorophyll fluorescence measurements) compared to 
plantlets grown under 30 µmol m
-2 s
-1 and 400 ppm CO2. There was however, no 
difference in the rooting performance between the two treatments. 
Higher light levels during acclimatisation can improve photosynthesis (Carvalho and 
Amanicio 2002; Zhou et al. 2005) but excessive light can induce photo-inhibition 
(van Huylenbroeck and Debergh 1996b) and retard S4 growth. Priming S3 plants in 
vitro with high light and inducing an improved in vitro photosynthetic ability may 
favour S4 acclimatisation and alleviate the risk of photo-inhibition (van 
Huylenbroeck and Debergh 1996b). 
Increasing the light level during S3 can induce a normal light acclimation response 
indicative of an increased capacity for Pn but does this necessarily lead to an 
increased S4 survival percentage? Coffee plantlets grown under photoautotrophic 
conditions, including forced ventilation, showed an increased root length (Nguyen et 
al. 2001) but this had no advantage on the survival rates during S4. While there are 
many examples of increased light and ventilation during S3 having a positive effect 
on subsequent survival in the nursery (e.g. banana, Navarro et al. 1994), rooting S3 
plants at higher light levels does not necessarily translate into greater survival rates 
for all plants. When Lechenaultia formosa was exposed to increased light intensities 
during rooting, survival decreased, a result attributed to greater photo-oxidation 
(Williams et al. 1992). 
Some evidence exists that preconditioning S3 microcuttings with higher than normal 
light and CO2 levels increase the rate of recovery from transplant stress during 
acclimatisation. For example, microcuttings of the medicinal plant Rehmannia 
glutinosa rooted in S3 PM conditions (in agar with sugar, PAR 40 µmol m
-2 s
-1 and 
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400 ppm CO2) acquired photosynthetic competence during S4 acclimatisation at a 
slower rate compared to microcuttings rooted in S3 PA conditions (in agar with no 
sugar, PAR 140 µmol m
-2 s
-1 and 2000 ppm CO2) (Seon et al. 2000). After 28 days of 
acclimatisation, survival percentage of Eucalyptus camaldulensis plantlets was 
highest for those rooted in a CO2 enriched environment (1200 µmol mol
-1) on a 
porous vermiculite medium compared to conventional PTC methods using agar 
(Kirdmanee et al. 1995). In contrast, higher light at ambient CO2 levels during S3 
had no acclimatisation benefit in chestnut microcuttings (Carvalho and Amanicio 
2002). 
Once plants are in S4, root function may positively affect Pn which in turn should 
assist acclimatisation. In Asian white birch, there was lower Pn in S2 leaves 
compared to those at S4 (Smith et al. 1986). Shoots from S2 had been rooted in S3.1 
plugs followed by S3.2 in a soil/peat/perlite mix in a growth chamber. The 
improvement was attributed to increased S3.2 ventilation, nutrition and the presence 
of roots. The effect of light and ventilation during S3 on the survival of Australian 
plants during S4 acclimatisation will be investigated further in Chapter 9. 
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Chapter 9. In vitro Stage 3 priming with increased 
light and ventilation has minimal effect on Stage 4 
acclimatisation of IVS-rooted microcuttings 
 
 
 
 
 
 
 
 
 
 
Chapter 9 investigates issues associated with acclimatisation and survival in the 
nursery. This chapter integrates the S3 and S4 protocols and concludes that root 
initiation is more important than photoautotrophic growth and that fast-rooting 
plants can be placed in the IVS system in the nursery to root. As with the results 
of Chapter 6, this chapter illustrates that for many plants the benefits of ex vitro 
rooting can be achieved using an IVS-type protocol. 
9.1 Abstract  
The effect of priming microcuttings with increased light and passive ventilation 
during in vitro rooting (S3) on survival at acclimatisation (S4) for Scaevola aemula, 
Grevillea thelemanniana, Pimelea physodes, two Verticordia grandis selections and 
three Eriostemon australasius selections was investigated. Microcuttings were rooted 
for 21 days in IVS (a mix of coarse sand, peat and perlite) in three different rooting 
environments — a culture room with light at PAR 50 or 110 µmol m
-2 s
-1 (16 h 
daylength, 22 ± 1ºC) and a cloche over a hot bed in the propagation area of a nursery 
(PAR light level in the cloche 150 µmol m
-2 s
-1 at noon, 12 h daylength, temperature 
22 ± 3ºC). In addition, a comparison was made between culture vessels passively 
ventilated at either 0.15 or 0.60 changes per hour. Verticordia grandis (seedling), 
Eriostemon australasius-1, Pimelea physodes, and Eriostemon australasius-3 were 
only treated at the higher ventilation rate. All cuttings, whether rooted or not, were 
then acclimatised for 28 days— 7 days uncovered in a cloche (PAR at 200 µmol m
-2 
s
-1), followed by 7 days under fog (PAR at 400 µmol m
-2 s
-1) followed by 14 days in 
the general propagation area (PAR at 700 µmol m
-2 s
-1).  
There was no relationship between rooting percentages or physical characteristics, or 
the light and ventilation levels of the rooting environment. Only Verticordia grandis 
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(seedling) and Eriostemon australasius–3 showed a significant treatment effect on 
rooting percentages. It was concluded that species that root quickly can be placed 
into ventilated culture vessels and taken immediately to the cloche at Stage 3, but 
slow-rooting species should be held in a culture room in non-ventilated culture 
vessels until the root initials have developed before being ventilated and moved to 
the cloche to fully acclimatise. These experiments identified a simple low cost 
approach to rooting microcuttings in IVS, adequate to manage the processes 
associated with root initiation and elongation, and the acquisition of photosynthetic 
competency during acclimatisation. 
9.2 Introduction 
Good root growth is associated with good acclimatisation of micropropagated plants 
(Brutti et al. 2002). Chapters 2, 3 and 4 identified improved rooting using the IVS 
protocol, and Chapter 8 demonstrated normal shade adaptive behaviour of IVS 
microcuttings in vitro. This chapter investigates whether increasing light levels and 
ventilation rates during in vitro rooting using the IVS system increases the success of 
acclimatisation. 
Acclimatisation, the most important parameter for successful micropropagation (van 
Telgen et al. 1992), is defined as the environmental adaptation of plant material as it 
is moved from the laboratory (in vitro) to the nursery (ex vitro) (Donnelly and 
Vidaver 1988; Aitken-Christie et al. 1995). A sound knowledge of general nursery 
propagation methods is important when acclimatising tissue culture plants (Conner 
and Thomas 1981). Although acclimatisation normally takes place ex vitro, 
physiological priming for acclimatisation within the culture vessel is called in vitro 
acclimatisation (Wardle et al. 1983; Ziv 1986). Kozai and Zobayed (2000) use the 
term acclimatisation to mean both in vitro and ex vitro and point out that if 
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microcuttings can be successfully acclimatised in vitro then ex vitro acclimatisation 
can be simplified or eliminated. Factors such as relative humidity, light levels, 
daylength, growing medium, temperature and unique facets of the tissue culture 
laboratory environment such as hygiene are distinctly different to those found in the 
nursery (Aitken-Christie et al. 1995) and these may affect acclimatisation 
performance. 
An example of in vitro acclimatisation in conjunction with the positive effects of a 
porous rooting medium, Floralite (a mixture of vermiculite and cellulose fibre), 
compared to agar, was obtained with the fast-rooting sweet potato (Afreen-Zobayed 
et al. 1999). Microcuttings were rooted at a PAR of 150 µmol m
-2 s
-1 for 16 h per day 
with either the CO2 levels in the culture room (approx. 400 µmol mol
-1) or vessel or 
increased to 900–1000 µmol mol
-1. After 21 days, S3 plants rooted on porous 
medium out-performed those on agar in terms of plant size and the highest S4 
survival percentage was observed for plants grown in porous medium. The overall 
benefits were attributed to photoautotrophic behaviour but it may be that the 
improved root system in the porous medium and the lack of physical transfer at the 
beginning of S4 were equally or more important. 
Although rooting and survival are often reported as separate data, the overall success 
rate of acclimatisation includes both. For example Blomstedt et al. (1991) reports a 
90% S4 survival of Eucalyptus  regnans rooted microcuttings in the nursery. 
However, the S3 rooting frequency varied from 59 to 78%. Given that they only 
transferred rooted microcuttings to S4, the overall success rate was not 90% but from 
53 to 70% depending on the rooting protocol. The same criticism applies to the 
figures given for micropropagated tea (Camellia sinensis) where Sharma et al. 
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(1999) report up to 71.6% S3 root induction and 73% S4 survival which is about 
50% survival overall. 
The process of acclimatisation of micropropagated plants involves two 
developmental and physiological adaptations. The first is the development of 
functional roots to allow maintenance of the water balance of the shoot and the 
second is the acquisition of photoautotrophic growth, which is necessary for the plant 
to continue to grow normally in the nursery (Conner and Thomas 1981). Tissue 
cultured plants, immediately after transfer to the conventional ex vitro propagation 
environment, have poor water retention capacities because of malfunctioning stomata 
which do not close in response to the usual environmental cues such as a drop in 
relative humidity (Santamaria et al. 2000). Leaves may have poorly-formed 
epicuticular waxes (Sutter 1988) and roots from agar media are often dysfunctional 
due to a lack of vascularisation (Conner and Thomas 1981) and low root hair density 
(McCown 1988) causing the microcutting to suffer wilting during acclimatisation. 
Pre-conditioning, or  priming plants, prior to their transfer to the nursery can be 
beneficial by imparting physiological competency and stress resistance (Nowak and 
Shulaev 2003). 
For woody plant microcuttings, the initial root system infrastructure (overall vascular 
connection and development with respect to the anatomical maturity of the vascular 
cambium) is critically influenced by the choice of rooting method (Smith et al. 
1992). Traditionally in vitro has come to mean using agar and ex vitro using a 
nursery propagation mix. The latter is porous and this aeration has a positive effect 
on both normal root initiation and development. Typically, microcuttings rooted in 
agar only develop secondary vascular root tissues and grow normally after being 
transferred to porous propagation mix in the nursery (Smith et al. 1991). 
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Hygiene can be an important issue when acclimatising rooted microcuttings and 
losses due to fungal infections (Debergh 1991). Soil-borne pathogens in a 
propagation mix can be removed if the mix is sterilised and then it can also be used 
in vitro. Rooted S2 boysenberry microcuttings in peat blocks had 5% survival after 
4–6 weeks whereas similar microcuttings rooted in sterile soil had 65% survival 
(Skirvin et al. 1981). These differences were attributed to hygiene but could also be 
explained by medium pH and air-filled porosity. 
Claimed benefits of rooting in an agar-based medium include uniform growth and 
more synchronous rooting (Mohammed and Vidaver 1988) due to added 
carbohydrate and the benign culture room environment (e.g. constant temperature 
and light, and aseptic conditions) but this does not necessarily translate to improved 
nursery establishment. Although apple microcuttings rooted well in agar over a six 
week period, the best acclimatisation results (80%) were observed when 3-week 
cultures with little root development were transferred to soil (Simmonds 1983). 
Simmonds concluded that procedures that enhance in vitro rooting (in agar) were of 
little advantage to the propagation program and microcuttings which could be rooted 
ex vitro would reduce the cost of the product. 
In vitro acclimatisation of microcuttings rooted in the culture room might be 
improved by manipulating the substrate and the physical environment. Higher than 
ambient CO2 levels are required to induce photoautotrophic growth at lower light 
levels. The acquisition of photoautotrophic growth (Majada et al. 2000; Santamaria 
et al. 2000; Zobayed et al. 2004; Lucchesini and Mensuali-Sodi 2004) is associated 
with increased light intensity and duration, accompanied by increased headspace 
ventilation including raising CO2 levels. 
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Although  in vitro plantlets exposed to low light intensities acquire shade 
characteristics (Amancio et al. 1999), several studies have proved that plants 
growing in vitro are capable of photoautotrophic behaviour when cultured on sugar-
free medium (Desjardins 1995; Kozai 1991). Grape microcuttings grown in vitro in a 
sugar-free peat:perlite porous medium at high light (90 µmol m
-2 s
-1) and ambient 
CO2 levels accumulated more carbohydrate than microcuttings grown in similar 
conditions at 40 µmol m
-2 s
-1 (Amancio et al. 1999). Photoautotrophic growth can be 
achieved in vitro by increasing the light intensity and headspace ventilation, often in 
association with added CO2 (up to 4000 ppm) (Majada et al. 2000; Santamaria et al. 
2000; Zobayed et al. 2004; Lucchesini and Mensuali-Sodi 2004). Typical light levels 
in the S2 culture conditions are 30 µmol m
-2 s
-1 (Zhou et al. 2005) and the S3 range 
from 70–90 µmol m
-2 s
-1 (Cui et al. 2000; Zhou et al. 2005) to 200 µmol m
-2 s
-1 (Cui 
et al. 2000; Nguyen et al. 2001) and for S4 up to 600 µmol m
-2 s
-1 (Zhou et al. 2005). 
There are basically three different types of culture ventilation, with increasing 
ventilation rates, from sealed culture vessels, culture vessels with passive (diffusive) 
ventilation via covered holes in lids (or the vessels themselves), to forced ventilation 
where convective flow-through ventilation is used. Typical rates of ventilation range 
from passive rates of 0.2 h
-1 (Nguyen et al. 1999) to 4.4 h
-1 (Cui et al. 2000) to forced 
rates of up to 5.9 h
-1 (Nguyen et al. 2001) giving up to 156 changes per day (Heo et 
al. 2001). Forced ventilation of humidified gas is required in scaled-up 
photoautotrophic culture systems in order to achieve uniform spatial distribution of 
CO2 within the culture vessel (Kozai et al. 2000). 
Cauliflower S2 cultures had incremental positive growth responses as the overall 
ventilation rate increased using these three methods (Zobayed et al. 1999). Increased 
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culture vessel ventilation reduced transplantation stress of cauliflower during 
acclimatisation for Rhemannia glutinosa (Seon et al. 2000). 
The IVS protocol described in Chapters 2–4 is effectively a photoautotrophic 
treatment because there is no sugar in the medium and these Chapters demonstrate 
that many Australian plants have improved rooting performance in IVS compared to 
agar medium. The IVS rooting model is ideal to examine the question — does 
photoautotrophic behaviour induced in vitro increase acclimatisation success? This 
chapter investigates the acclimatisation performance of several Australian plants 
rooted in three different in vitro environments, with and without passive ventilation, 
and tests the hypothesis that the greenhouse S4 survival of microcuttings rooted in S3 
in vitro in conditions of high light and increased passive ventilation will be greater 
than those rooted under low light and limited ventilation. 
9.3 Materials and methods 
Plant material 
Established S2 shoot cultures from the plant tissue culture laboratories of the 
Department of Food and Agriculture, Western Australia and from the Department of 
Agriculture New South Wales. All species are of horticultural value: Scaevola 
aemula ‘Purple Fanfare’ R. Br. (Goodeniaceae); a seedling and an adult selection of 
Verticordia grandis J. L. Drumm. (Myrtaceae); a Pimelea physodes Hook. selection 
(Thymelaeaceae); a Grevillea thelemanniana selection; and three Eriostemon 
australasius Pers. selections numbers 1–3 (Proteaceae). 
Culture protocols and medium 
Monopodial or sympodial microcuttings were prepared, mixed and randomly 
selected for each treatment. The bases of the microcuttings were placed into the 
pulsing medium (RM40) for 24 h in the dark at 20°C (Stage 3.1) and then transferred 
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aseptically to IVS medium and either the ventilated or non-ventilated culture vessels 
(see below). 
The auxin-pulsing medium, RM40, was ½ MS (Murashige 1962) containing 40 µM 
IBA with 10 g L
-1 sucrose and 8 g L
-1 agar with the pH adjusted to 7 prior to 
autoclaving. The IVS medium comprised sphagnum peat, coarse river sand (1–3 mm 
diameter) and perlite (Horticulture grade P500) in a ratio of 0.5:2:2 containing 2 g L
-1 
horticultural lime and a pre-autoclave pH 6.8 and an air-filled porosity of 
approximately 25–30%. The IVS medium was added to seedling punnets (Masrac™ 
720 MK8LL punnet), watered to saturation and allowed to drain before being placed 
separately into 1 L plastic take-away food containers for sterilisation. Details of 
culture vessels are as described in Chapter 3 (Newell et al. 2003) except that some 
vessels had added passive ventilation (see below). The auxin-pulsing medium was 
sterilised at 121°C and 1.05 kg cm
-2 for 20 min and the IVS medium twice for 60 
min, 24 h apart prior to use. 
Culture and growing environments 
Microcuttings were rooted using IVS protocols in six S3.2 environments which 
differed with respect to light and temperature as follows. Two environments, E1 and 
E2, were in a controlled temperature (22 ± 1ºC) culture room, one with normal 
culture room light provided by cool white fluorescent (Philips 40W Life Max
®) at 
PAR 50 µmol m
-2 s
-1, and a second with higher light at PAR 110 µmol m
-2 s
-1 
provided by high intensity grow lights (Sylvainna
® 1000W GroLamp). Both light 
regimes had a 16 h daylength. The third environment, E3, was a cloche over a hot 
bed (22 ± 3ºC) in the propagation area of a nursery. The cloche was a lightweight 
cloth material draped over hoops. The natural PAR light level in the cloche was 150 
µmol m
-2 s
-1  at noon with daylengths during the acclimatisation period of 
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approximately 12 h. Light levels were measured inside of the culture vessels with a 
LiCor Inc™ Quantum/Radiometer/Photometer Model LI-185B. The relative 
humidity of the culture room environment was 50% compared to the greenhouse 
cloche which ranged from 60–85%. Two ventilation treatments in each environment 
were used, non-ventilated or passive ventilation. The 1 L take-away food containers 
containing the IVS medium were covered with inverted containers and sealed with a 
strip of food wrap. Non–ventilated lids had no vents while the passive ventilation lids 
had four, 9 mm diameter holes on each side of the culture vessel lid covered with two 
layers of medical tape (3M Nexcare Micropore™). The ventilated and non-ventilated 
lids and bases were sterilised at 121°C and 1.05 kg cm
-2 for 60 min. The rate of 
ventilation was determined by injecting a known amount of ethylene into the vessels 
and measuring the rate of depletion in the vessel using a Varian™ Star 3400 CX gas 
chromatograph. The non-ventilated vessels had an estimated ventilation change of 
0.15 h
-1 while the passive ventilated vessels had four times the ventilation with a rate 
of 0.60 h
-1. These ventilation rates are the average of five test vessels for each 
ventilation treatment. 
The S4 acclimatisation phase was identical for all plants and lasted 28 days; being 7 
days uncovered in the cloche (PAR=200 µmol m
-2 s
-1), followed by 7 days under fog 
on a glass house bench (PAR=400 µmol m
-2 s
-1) followed by 14 days in the general 
propagation area (PAR=700 µmol m
-2 s
-1). 
Experimental design 
There were six treatments E1, E2 and E3 with either minus (-V) or plus (+V) 
ventilation. Due to constraints imposed by facilities, each plant species was tested 
independently and in each experiment the treatments were assigned randomly. 
Statistical comparisons between species were not considered to be essential for this 
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study. Each S3.2 treatment (or harvest where two harvests occurred e.g. Scaevola 
aemula and Eriostemon australasius-1, see below) included four replications of eight 
microcuttings (n=32). All S3.2 treatments lasted 28 days except for Scaevola aemula 
which was only 14 days. The S4 acclimatisation phase was identical for all plants 
and lasted 28 days. 
Three experiments were undertaken on the basis of plant availability. In Experiment 
1 microcuttings of Scaevola aemula and Eriostemon australasius-1 were pulsed with 
auxin and placed into IVS medium and allowed to root in the six treatments above. 
To determine rooting at the end of S3.2, Scaevola aemula was harvested after 14 
days and Eriostemon australasius-1 after 28 days. At this harvest, percentage rooting 
and shoot survival, average total root length (mm), average shoot length (mm) and 
average root and shoot dry weights (mg) per rooted microcutting (n=32) were 
recorded. A second set of identically treated microcuttings for each of these plants 
remained undisturbed and was acclimatised in the propagation area for 28 days after 
which data on the same parameters as above were recorded. 
In Experiment 2, Grevillea thelemanniana and the Verticordia grandis adult 
selection were tested using the six environments listed above for Experiment 1. 
However in this experiment there was only one harvest at the end of S4 and data 
were collected on the same parameters as above. 
In Experiment 3, the Verticordia grandis seedling selection, the Pimelea physodes 
and Eriostemon australasius-1 & 2 were rooted in the three S3.2 environments, E1 – 
E3, with ventilation. There was only one harvest at the end of S4 and the data 
collected (n=32) were the same as for the Experiment 1 S4 harvest. 
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Statistical analysis 
Each species was tested independently in a randomised experimental design with 32 
shoots per treatment per harvest. Each experiment was repeated once. Percentage 
survival data was arcsine-transformed prior to analysis and un-transformed data is 
presented. Root and shoot lengths were measured using a digital photograph and 
ASSESS
® image analysis software. Dry weights were determined after drying for 24 
h at 65ºC. 
The percentage rooting at S3.2 and final harvest, shoot survival at final harvest, shoot 
and root lengths and fresh and dry weights were analysed by analysis of variance 
(ANOVA) using Genstat (6
th Edition). Treatment means were compared by LSD 
multiple comparison procedure at the 5% level. Correlation values between root 
lengths and root dry weights, shoot lengths and shoot dry weights, and root and shoot 
lengths for rooted microcuttings were analysed using Microsoft Excel and 
significance levels at the 5% level were determined using critical values of the 
correlation coefficient tables and the Bonferroni correction was applied to maintain 
an error of 5% across all of the trials. 
9.4 Results 
The results from the three experiments are presented in two sections, the first reports 
on survival data and the second on the physical growth data. 
Rooting and survival 
Survival was determined as a living rooted microcutting at the end of S4. The 
survival of the four species in Experiments 1 or 2 was not significantly affected by 
any of the six treatments (Tables 9.1, 9.3). No significant treatment effects on 
percentage rooting at harvest 1 or 2 were observed for Scaevola aemula or 
Eriostemon australasius-1 (Table 9.1). 
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Scaevola aemula had higher rooting percentages at both harvests than Eriostemon 
australasius-1 and had 100% rooting in five of the six treatments at S4 harvest while 
rooting in Eriostemon australasius-1 ranged from 50% to 84.4% (Table 9.1). At S4 
harvest Eriostemon australasius-1 had up to 41% un-rooted living shoots and fewer 
than 10% deaths in any treatment. No significant treatment effect on survival at S4 
harvest was observed for Grevillea thelemanniana or Verticordia grandis-adult 
(Table 9.3) and both species had more than 90% rooting success. Neither species had 
any un-rooted shoots but Grevillea thelemanniana had up to 12.5% dead shoots and 
Verticordia grandis-adult had up to 25.0%. The highest deaths for both species 
occurred in the non-ventilated treatments E1–V and E3–V. 
In Experiment 3 there were significant (P<0.05) treatment effects on survival for the 
Verticordia grandis-seedling and Eriostemon australasius-2 selection. In E2+V and 
E3+V, the Verticordia grandis-seedling had 100% rooting which was significantly 
(P<0.05) greater than E1+V which had 85% rooted shoots and 15% dead shoots at 
the S4 harvest (Table 9.5). Eriostemon australasius-2 had significantly higher 
rooting and survival rates (P<0.01) in E1+V and E2+V compared to E3+V, with high 
percentages of un-rooted shoots (Table 9.5). Pimelea physodes-3 and Eriostemon 
australasius-3 showed no significant (P<0.05) treatment effects on percentage 
rooting and both species had high numbers of un-rooted shoots and some deaths. 
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Table 9.1. Effect of three light levels (E1–E3)
1 and ventilation² during rooting, on 
percentage rooted, un-rooted and dead microcuttings for Scaevola  aemula and 
Eriostemon australasius-1 microcuttings at harvest 1 (S3.2 harvest, completion of 
rooting, 14 days for Scaevola aemula and 28 days Eriostemon australasius-1) and at 
the completion of acclimatisation (S4 harvest at 28 days for both species). Shoots in 
all six treatments were rooted in IVS medium. Data are means and se; *, **, *** 
denote significance at P<0.05, P<0.01 and P<0.001, respectively. 
  % rooted   % un-rooted   % dead  
  S3.2 S4 S3.2 S4 S3.2 S4 
Scaevola aemula  
E1–V  75.0 ± 0.0  100 ± 0.0  25.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 
E2–V  81.3 ± 6.30  100 ± 0.0  18.7 ± 6.30  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 
E3–V  81.3 ± 6.3  100 ± 0.0  18.7 ± 6.3  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 
E1+V  81.3 ± 6.3  96.9 ± 3.1  18.7 ± 6.3  0.0 ± 0.0  0.0 ± 0.0  3.1 ± 3.10 
E2+V  93.8 ± 3.6  100 ± 0.0  6.2 ± 3.6  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 
E3+V  75.0 ± 10.2  100 ± 0.0  25.0 ± 10.2  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 
ANOVA        
E ns  ns  ns  na  na  na 
V ns  ns  ns  na  na  na 
E x V  ns  ns  ns  na  na  na 
Eriostemon australasius-1 
E1–V  56.3 ± 21.9  65.6 ± 14.8  40.6 ± 20.0  31.3 ± 14.9  3.1 ± 3.1  3.1 ± 3.1 
E2–V  40.7 ± 14.7  62.5 ± 14.8  59.4 ± 14.8  37.5 ± 17.7  0.0 ± 0.0  0.0 ± 0.0 
E3–V  59.4 ± 20.7  71.9 ± 9.4  40.6 ± 20.7  25.0 ± 8.8  0.0 ± 0.0  3.1 ± 3.1 
E1+V  53.1 ± 15.6  84.4 ± 3.1  46.9 ± 15.6  9.4 ± 6.0  0.0 ± 0.0  6.3 ± 3.6 
E2+V  46.9 ± 7.9  50.0 ± 19.8  53.1 ± 7.9  40.6 ± 14.8  0.0 ± 0.0  9.4 ± 6.0 
E3+V  31.3 ± 19.4  59.4 ± 15.6  68.8 ± 19.4  40.6 ± 15.6  0.0 ± 0.0  0.0 ± 0.0 
ANOVA        
E  ns ns ns ns na ns 
V  ns ns ns ns na ns 
E x V  ns  ns  ns  ns  na  ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘–V‘ non-ventilated (0.15 changes h
-1) and ‘+V’ ventilated (0.60 changes h
-1) 
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Root and shoot growth 
Average root length per rooted microcutting 
There was a significant (P<0.01) effect of light intensity on Scaevola aemula root 
lengths regardless of ventilation, the high light treatments (E2-V and E2+V) had the 
greatest root lengths (Table 9.2). At the S4 harvest there was no treatment effect for 
light or ventilation and during the 28 days acclimatisation the average root lengths 
reached 800 to 1000 mm per rooted microcutting. Regardless of ventilation average 
root dry weights for Scaevola aemula were greatest for the high light treatment 
compared to those in low light or in the cloche, but in the high light plus ventilation 
(E2+V) treatment root dry weight was significantly (P<0.05) greater than all other 
treatments (Table 9.2). A similar but slightly more variable effect is observed for 
Scaevola aemula average shoot dry weights. 
There was no significant effect of environment or ventilation at S3.2 harvest for 
Eriostemon australasius-1 root lengths (Table 9.2) but the longest root lengths at S4 
were observed in E1. At S4 harvest, root lengths ranged from 110 to 216 mm. There 
was a significant (P<0.05) effect of non-ventilation on average root length at both the 
S3.2 harvest and at the S4 harvest (P<0.001) (Table 9.2). Average shoot lengths of 
Eriostemon australasius-1 were greatest at S4 harvest in non-ventilated treatments 
(Table 9.2). 
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Table 9.2. Effect of three light levels (E1–E3)
1 and ventilation² during rooting, on 
average root and shoot length and average root and shoot dry weight per rooted 
microcutting for Scaevola aemula and Eriostemon australasius-1 microcuttings at 
S3.2 harvest (completion of rooting, 14 days for Scaevola  aemula and 28 days 
Eriostemon australasius-1) and at the completion of acclimatisation (S4 harvest at 28 
days for both species). Shoots in all six treatments were rooted in IVS medium. Data 
are means and se; *, **, *** denote significance at P<0.05, P<0.01 and P<0.001 
respectively. 
Average root 
length/microcutting 
(mm) 
Average shoot 
length/microcutting 
(mm) 
Average root 
DW/microcutting 
(mg) 
Average shoot 
DW/microcutting 
(mg) 
  S3.2 S4 S3.2 S4 S3.2 S4 S3.2 S4 
Scaevola aemula  
E1–V 158.0  ± 
21.0 a 
838.0 ± 
53.0 
19.7 ± 
1.2 
28.8 ± 
1.1 c 
2.2 ± 0.5 
a 
19.8 ± 
2.0 
12.9 ± 
1.4 a 
38.4 ± 
8.5 
E2–V 260.0  ± 
27.0 b 
824.0 ± 
86.0 
24.0 ± 
1.5 
24.2 ± 
1.2 a 
3.6 ± 0.8 
a 
17.0 ± 
1.4 
18.0 ± 
3.1 ab 
24.5 ± 
7.7 
E3–V 133.0  ± 
14.0 a 
1030.0 ± 
88.0 
23.2 ± 
1.6 
26.0 ± 
1.1 abc 
1.6 ± 0.3 
a 
18.5 ± 
1.4 
15.0 ± 
1.0 ab 
41.7 ± 
6.2 
E1+V 257.0  ± 
17.00 b 
1056.0 ± 
79.0 
24.2 ± 
1.10 
27.7 ± 
1.2 bc 
3.0 ± 0.2 
a 
23.7 ± 
0.3 
15.9 ± 
2.6 ab 
48.8 ± 
13.9 
E2+V 479.0  ± 
46.00 c 
1004.0 ± 
94.0 
23.5 ± 
0.9 
26.6 ± 
1.3 abc 
9.4 ± 1.6 
b 
22.5 ± 
4.6 
29.9 ± 
1.7 c 
33.7 ± 
5.0 
E3+V 164.0  ± 
23.00 a 
865.0 ± 
57.0 
22.3 ± 
1.4 
24.9 ± 
1.2 ab 
1.8 ± 0.2 
a 
16.6 ± 
2.4 
14.4 ± 
1.0 ab 
33.7 ± 
5.7 
ANOVA          
E  **  ns  ns  *  *** ns *** ns 
V ns ns ns ns  ***  ns ** ns 
E x V  ns  ns  ns  ns  ***  ns  **  ns 
Eriostemon australasius-1  
E1–V 59.4  ± 
12.4  
215.5 ± 
23.8 d 
38.5 ± 
1.5 
41.2 ± 
1.4 b 
1.2 ± 0.4 3.8 ± 1.1  10.6 ± 
1.3 
33.7 ± 
6.5 
E2–V 87.6  ± 
17.6  
163.5 ± 
36.0 bc 
36.3 ± 
1.8 
41.3 ± 
1.6 b 
1.2 ± 0.4 4.2 ± 0.5  12.3 ± 
0.1 
28.7 ± 
1.0 
E3–V 35.6  ± 
7.6  
189.8 ± 
23.9 cd 
36.5 ± 
1.0 
43.2 ± 
1.2 b 
0.4 ± 0.1 4.4 ± 1.2  10.1 ± 
1.0 
30.3 ± 
5.1 
E1+V 44.1  ± 
7.5  
166.8 ± 
16.7 cd 
34.5 ± 
1.1 
41.4 ± 
1.0 b 
0.7 ± 0.1 4.4 ± 0.4  11.5 ± 
1.5 
25.7 ± 
3.5 
E2+V 31.9  ± 
9.2 
109.7 ± 
13.7 a 
35.3 ± 
0.8 
37.3 ± 
1.8 a 
0.5 ± 0.3 6.5 ± 1.8  14.7 ± 
1.2 
24.0 ± 
1.7 
E3+V 44.1  ± 
11.2  
114.7 ± 
18.2 ab 
36.0 ± 
2.5 
34.7 ± 
1.1 a 
0.6 ± 0.3 2.7 ± 0.9  11.4 ± 
0.4 
29.3 ± 
3.1 
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Average root 
length/microcutting 
(mm) 
Average shoot 
length/microcutting 
(mm) 
Average root 
DW/microcutting 
(mg) 
Average shoot 
DW/microcutting 
(mg) 
ANOVA          
E ns ** ns ns ns ns ns ns 
V ns  ***  ns  *  ns ns ns ns 
E  x  V  ns ns ns ns ns ns ns ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘–V‘ non-ventilated (0.15 changes h
-1) and ‘+V’ ventilated (0.60 changes h
-1) 
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Table 9.3. Effect of three light levels (E1–E3)
1 and ventilation² during rooting, on 
percentage surviving rooted and surviving un-rooted and dead microcuttings for 
Grevillea thelemanniana and Verticordia grandis (adult) at the completion of 
acclimatisation (S4 harvest). Shoots in all six treatments were rooted in IVS medium. 
Data are means and se; *, **, *** denote significance at P<0.05,  P<0.01 and 
P<0.001 respectively. 
  % rooted   % un-rooted   % dead  
Grevillea thelemanniana 
E1–V  87.5 ± 8.8   0.0 ± 0.0  12.5 ± 8.8 
E2–V  96.9 ± 3.1  0.0 ± 0.0  3.1 ± 3.1 
E3–V  90.6 ± 3.1  0.0 ± 0.0  9.4 ± 3.1 
E1+V  93.8 ± 3.6  0.0 ± 0.0  6.3 ± 3.6 
E2+V  96.9 ± 3.1  0.0 ± 0.0  3.1 ± 3.1 
E3+V  96.9 ± 3.1  0.0 ± 0.0  3.1 ± 3.1 
ANOVA     
E ns  na  ns 
V ns  na  ns 
E x V  ns  na  ns 
Verticordia grandis (adult) 
E1–V  75.0 ± 10.2  0.0 ± 0.0  25.0 ± 10.2 
E2–V  90.6 ± 6.0  0.0 ± 0.0  9.4 ± 6.0 
E3–V  75.0 ± 11.4  0.0 ± 0.0  25.0 ± 11.4 
E1+V  90.6 ± 3.1  0.0 ± 0.0  9.4 ± 3.1 
E2+V  90.6 ± 6.0  0.0 ± 0.0  9.4 ± 6.0 
E3+V  90.6 ± 6.0  0.0 ± 0.0  9.4 ± 6.0 
ANOVA     
E ns  na  ns 
V ns  na  ns 
E x V  ns  na  ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘–V‘ non-ventilated (0.15 changes h
-1) and ‘+V’ ventilated (0.60 changes h
-1) 
 
Average root lengths for Grevillea thelemanniana were generally greater in non-
ventilated treatments (Table 9.4) and at the end of S4 treatments E1–V, E2–V and 
E3+V had root lengths greater than 535.0 mm/microcutting. The root lengths for the 
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V. grandis-adult responded significantly (P<0.001) to environment regardless of 
ventilation treatment (Table 9.4) and all, except for the E1 treatments, had average 
root lengths per microcutting greater than 390 mm. 
Table 9.4. Effect of three light levels (E1–E3)
1 and ventilation² on average root and 
shoot length and average root and shoot dry weight per microcutting for Grevillea 
thelemanniana  and  Verticordia grandis-adult microcuttings at S4 harvest (end of 
acclimatisation) rooted in IVS medium for six treatments. Data are means and se; *, 
**, *** denote significance at P<0.05, P<0.01 and P<0.001 respectively. 
 Average  root 
length/microcutting 
(mm) 
Average shoot 
length/microcutting 
(mm) 
Average root 
DW/microcutting 
(mg) 
Average shoot 
DW/microcutting 
(mg) 
Grevillea thelemanniana 
E1–V  564.6 ± 43.7 c  51.6 ± 2.3 b  10.5 ± 1.2  46.6 ± 6.4 
E2–V  568.5 ± 30.5 c  53.2 ± 1.4 bc  15.1 ± 0.9  54.2 ± 4.4 
E3–V  494.8 ± 40.2 abc  52.4 ± 2.6 b  13.4 ± 1.0  52.4 ± 4.3 
E1+V  455.1 ± 34.4 ab  45.7 ± 1.9 a  11.4 ± 0.6  42.2 ± 3.9 
E2+V  430.7 ± 27.7 a  51.1 ± 1.9 b  11.0 ± 0.9  47.2 ± 4.3 
E3+V  537.9 ± 32.4 bc  55.5 ± 2.2 c  12.9 ± 1.2  52.0 ± 7.0 
ANOVA      
E ns  *  ns  ns 
V *  ns  ns  ns 
E x V  ns  ns  ns  ns 
Verticordia grandis-adult 
E1–V  223.5 ± 26.9 a  56.5 ± 2.0 ab  1.0 ± 0.2  31.7 ± 4.0 ab 
E2–V  394.9 ± 32.0 bc  60.1 ± 2.8 b  1.2 ± 0.1  40.5 ± 3.3 b 
E3–V  425.4 ± 44.0 c  54.6 ± 2.8 ab  1.1 ± 0.3  43.3 ± 7.6 b 
E1+V  285.1 ± 29.5 ab  54.0 ± 1.8 a  1.1 ± 0.1  25.6 ± 2.7 a 
E2+V  413.3 ± 32.3 c  52.6 ± 1.6 a  1.4 ± 0.2  37.6 ± 1.2 ab 
E3+V  463.6 ± 32.1 c  62.2 ± 2.3 b  1.4 ± 0.1  41.5 ± 4.5 b 
ANOVA      
E ***  ns  ns  * 
V ns  ns  ns  ns 
E x V  ns  ns  ns  ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘–V‘ non-ventilated (0.15 changes h
-1) and ‘+V’ ventilated (0.60 changes h
-1) 
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The V. grandis seedling root lengths at the final harvest were significantly (P<0.001) 
longer for the E2+V treatments (237 mm, Table 9.5), with E3+V at 191 mm and 
E1+V the shortest at 125 mm. For Pimelea physodes-3 and Eriostemon australasius-
2 & 3 light had no effect on average root lengths. 
Table 9.5. Effect of three light levels (E1–E3)
1 and + ventilation² on percentage 
surviving rooted and un-rooted and dead microcuttings for Verticordia grandis-
seedling,  Pimelea physodes-3,  Eriostemon australasius-2 and Eriostemon 
australasius-3 at the S4 harvest (end of acclimatisation) rooted in IVS medium for 
three treatments. Data are means and se; *, **, *** denote significance at P<0.05, 
P<0.01 and P<0.001 respectively. 
  % rooted   % un-rooted   % dead  
Verticordia grandis-seedling 
E1+V  84.4 ± 7.9 a  0.0 ± 0.0  15.6 ± 7.9 
E2+V  100.0 ± 0.0 b  0.0 ± 0.0  0.0 ± 0.0 
E3+V  100.0 ± 0.0 b  0.0 ± 0.0  0.0 ± 0.0 
ANOVA  * na  na 
Eriostemon australasius-2 
E1+V  52.5 ± 2.5 b  40.0 ± 2.5 a  7.5 ± 3.1  
E2+V  35.0 ± 4.7 a  65.0 ± 4.7 b  0.0 ± 0.0  
E3+V  22.5 ± 6.1 a  72.5 ± 4.7 b  5.0 ± 3.1  
ANOVA  ** *** ns 
Pimelea physodes-3 
E1+V  45.0 ± 8.5  32.5 ± 11.6  22.5 ± 7.3 
E2+V  37.5 ± 10.5  50.0 ± 6.8  17.5 ± 9.7 
E3+V  55.5 ± 5.0  30.0 ± 5.0  15.0 ± 2.5 
ANOVA  ns ns ns 
Eriostemon australasius-3 
E1+V  62.5 ± 8.8  22.5 ± 8.8  15.0 ± 4.7 
E2+V  35.0 ± 4.7  47.5 ± 7.3  17.5 ± 5.0 
E3+V  35.0 ± 12.1  65.0 ± 12.6  0.0 ± 0.0 
ANOVA  ns ns ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘+V’ ventilated (0.60 changes h
-1) 
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Average shoot length per microcutting 
There was no treatment effect on shoot lengths at S3.2 harvest for Scaevola aemula 
but at S4 harvest there was a significant (P<0.05) low light effect and shoot lengths 
were longest in E1, regardless of ventilation (Table 9.2). Eriostemon australasius-1 
shoot lengths were similar for all treatments at S3.2 harvest (Table 9.2) but showed a 
significant (P<0.001) environment and ventilation interaction at S4 harvest where 
non-ventilated shoot lengths increased while in ventilated cultures shoot lengths 
decreased with higher light. 
Grevillea thelemanniana shoots had similar lengths in the non-ventilated treatments 
but in the ventilated cultures the shoots grew significantly longer (P<0.05) from E1 
to E3 (Table 9.4). There was a significant (P<0.01) interaction for V. grandis-adult 
shoot lengths which were uniform over the non-ventilated and more variable over the 
ventilated treatments (Table 9.4). The longest shoots for Grevillea thelemanniana 
and V. grandis-adult were both observed in the E3+V treatment (Table 9.4; 55.5 and 
62.2 mm respectively). 
V. grandis-seedling shoot lengths showed a significant (P<0.001) positive response 
to environment while a significant (P<0.001) negative effect, was seen for 
Eriostemon australasius-2 (Table 9.6). There were no significant (P<0.05) treatment 
effects on average shoot length per microcutting for species Pimelea physodes-3 and 
Eriostemon australasius-3 (Table 9.6). 
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Table 9.6. Effect of three light levels (E1–E3)
1 and + ventilation² on average root 
and shoot length and average root and shoot dry weight per microcutting for 
Verticordia grandis-seedling,  Pimelea physodes-3,  Eriostemon australasius-2 and 
Eriostemon australasius-3 microcuttings at the S4 harvest (end of acclimatisation) 
rooted in IVS medium for three treatments. Data are means and se; *, **, *** denote 
significance at P<0.05, P<0.01 and P<0.001 respectively. 
 
 
Average root 
length/microcutting 
(mm) 
Average shoot 
length/microcutting 
(mm) 
Average root 
DW/microcutting 
(mg) 
Average shoot 
DW/microcutting 
(mg) 
Verticordia grandis-seedling 
E1+V  124.5 ± 12.7 a  35.9 ± 1.7 a  1.7 ± 0.2 a  15.5 ± 0.9 a 
E2+V  236.9 ± 17.9 c  42.3 ± 1.3 b  4.2 ± 0.4 b  24.7 ± 1.9 b 
E3+V  191.3 ± 11.3 b  46.0 ± 2.1 b  3.6 ± 0.2 b  22.5 ± 2.5 b 
ANOVA  *** *** ***  * 
Eriostemon australasius-2 
E1+V  139.8 ± 28.1  46.2 ± 2.0 b  2.5 ± 1.0  17.7 ± 1.8 
E2+V  240.7 ± 39.6  37.4 ± 1.3 a  5.2 ± 0.8  16.7 ± 3.8 
E3+V  205.9 ± 48.3  37.0 ± 1.3 a  4.3 ± 0.7  18.6 ± 0.8 
ANOVA  ns *** ns  ns 
Pimelea physodes-3 
E1+V  45.0 ± 8.5  32.5 ± 11.6  3.9 ± 0.9 a  26.9 ± 0.9 
E2+V  37.5 ± 10.5  50.0 ± 6.8  7.0 ± 0.5 b  39.2 ± 4.5 
E3+V  55.5 ± 5.0  30.0 ± 5.0  5.3 ± 0.9 ab  31.9 ± 3.1 
ANOVA  ns ns * ns 
Eriostemon australasius-3 
E1+V  190.9 ± 25.9  35.1 ± 1.6  4.4 ± 0.3  18.2 ± 2.2 
E2+V  282.0 ± 48.0  34.8 ± 1.5  6.0 ± 1.3  16.9 ± 1.2 
E3+V  179.9 ± 33.4  36.1 ± 1.6  2.9 ± 0.8  18.1 ± 2.1 
ANOVA  ns ns ns ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘+V’ ventilated (0.60 changes h
-1) 
 
Average root dry weight per microcutting 
There was an interaction (P<0.001) between environment and ventilation for 
Scaevola aemula at S3.2 harvest but at S4 harvest there was no significant treatment 
effect on root dry weight (Table 9.2). Pimelea physodes-3 had significantly (P<0.05) 
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greater root dry weights for the E2+V and E3+V (Table 9.6). Scaevola aemula and 
Eriostemon australasius-1 (Table 9.2), Grevillea thelemanniana and V. grandis-adult 
(Table 9.4) and Eriostemon australasius-2 & 3 (Table 9.6) had no significant 
treatment effects for root dry weight per microcutting. There was no correlation 
between root dry weights and root lengths for any of the species tested (data not 
shown). 
Average shoot dry weight per microcutting 
There was an interaction (P<0.01) between environment and ventilation for Scaevola 
aemula at S3.2 harvest but at S4 harvest there was no significant treatment effect on 
shoot dry weight (Table 9.2). Both the Verticordia grandis (adult) (Table 9.4) and 
the V. grandis (seedling) (Table 9.6) showed significant (P<0.05) treatments effects 
for shoot dry weights at S4 harvest. The Eriostemon  australasius-1 (Table 9.2), 
Grevillea thelemanniana (Table 9.4) Pimelea physodes-3, Eriostemon australasius-2 
& 3 (Table 9.6) had uniform shoot dry weights for each treatment at the S4 harvest. 
There was no correlation between shoot dry weights and shoot lengths for any of the 
species tested (data not shown). 
Shoot and root length correlation at final harvest 
Pimelea physodes-3 was the only species which showed a correlation (P<0.05) 
between shoot and root length for each treatment tested while Scaevola aemula and 
Eriostemon australasius-3 showed no correlation in any of their respective 
treatments (Table 9.7). The other species tested showed correlation (P<0.05) in only 
in some of the treatments applied. 
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Table 9.7. Shoot and root length correlation at the S4 harvest (end of 
acclimatisation). 
Treatment
1,2 Scaevola aemula Eriostemon 
australasius-1 
Grevillea 
thelemanniana 
Verticordia 
grandis-adult 
E1–V ns
3 ns * ns 
E2–V  ns ns ns * 
E3–V  ns * * ns 
E1+V ns  ns  *  * 
E2+V  ns ns * ns 
E3+V  ns * * * 
      
  Verticordia 
grandis-seedling
Eriostemon 
australasius-2 
Pimelea 
physodes-3 
Eriostemon 
australasius-3 
E1+V  ns ns * ns 
E2+V  ns * * ns 
E3+V  * ns * ns 
1E1: 50 µmol m
-2 s
-1, 22 ± 1ºC; E2: 110 µmol m
-2 s
-1, 22 ± 1ºC; E3: 150 µmol m
-2 s
-1, 22 ± 
3ºC 
2 Ventilation, ‘–V‘ non-ventilated (0.15 changes h
-1) and ‘+V’ ventilated (0.60 changes h
-1) 
3‘*’denotes significance at P<0.05, ‘ns’ is not significant 
 
9.5 Discussion 
The greenhouse S4 survival and physical characteristics of Australian plant 
microcuttings rooted in S3 in vitro conditions of high light and increased ventilation 
were no greater than those rooted under low light and limited ventilation. 
All of the plants tested using the IVS model were successfully acclimatised to 
greenhouse conditions with efficiency rates ranging from 100% for Scaevola aemula 
to 52% for Eriostemon australasius. Some species had dead microcuttings at the end 
of S4 and it is not clear from the data if they ever had roots. Generally, species that 
took longer to root performed poorly compared with those that rooted quickly. There 
was no effect of the different S3.2 rooting environments on the measured physical 
attributes of the species tested. 
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The ideal S3 protocol should induce rooting quickly and at high percentages. Species 
that root quickly will usually root at high frequencies while those that root slowly 
usually have a low rooting percentage. In vitro rooting may be improved by 
optimising the auxin pulse and, for slow rooting plants such as E. australasius and P. 
physodes, a higher concentration of IBA dip or use of an auxin gel may be beneficial. 
For example, hazelnut had up to 97% survival 12 weeks after microcuttings were 
dipped in 1000 ppm IBA for 5–10 s and then rooted in peat pots (Nas and Read 
2004). 
The daily light integral (DLI) is equal to instantaneous PAR levels (µmol m
-2 s
-1) 
expressed in mol m
-2 d
-1 and represents the total amount of light a plant would get on 
any given day. The DLI for the three rooting environments was E1=2.88, E2=6.34 
and E3=6.48, given that the photoperiod for E1 and E2 was 16 h and the average 
daylength in the E3 environments was 12 h. A PAR of 50 µmol m
-2 s
-1 equates to 
0.18 mol m
-2 h
-1. Given these DLI figures, both E2 and E3 should produce similar 
growth responses while E1 should be lower but this was not observed in this 
research. 
With no difference in survival percentages between treatments for each species, it 
would make sense to select a protocol for each species which is cost effective and 
easy to use. Commercial propagators aim to keep Stages 3 and 4 as short as possible 
for financial and physiological reasons. A comparison of rooted grape microcuttings 
growth in vitro and ex vitro suggested that transferring to S4 as early as possible was 
beneficial to subsequent plant vigour in the nursery (Thomas 1998). Acclimatisation 
can take as little as 6 days. Seedling-derived microcuttings of chile ancho pepper, 
rooted in agar, were transferred to a sterile soil mix (peat moss/perlite) and placed in 
a growth chamber (25˚C, 300 µmol m
-2 s
-1) to acclimatise (Estrada-Luna et al. 2001). 
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Although the microcuttings showed an immediate water deficit (leaf wilting and 
reduced water content) they recovered within 6 days suggesting that the leaf stomata 
developed in vitro were functional ex vitro. 
In the experiments described here, there was no survival advantage to providing 
increased light and ventilation to culture vessels maintained in a culture room during 
rooting. Although it is possible to induce greater photosynthetic responses by 
growing microcuttings under modified environments of higher light and increased 
CO2 levels, this does not seem to increase rooting and acclimatisation performance. 
These results are similar to those from strawberry (Zhou et al. 2005) and coffee 
(Nguyen et al. 2001) in which rooting of microcuttings did not increase when they 
were grown at higher light and CO2 levels. 
Similarly, enhancing photoautotrophic growth with CO2 enrichment does not 
necessarily mean improved acclimatisation rates. No difference in S4 performance 
was observed by Carvalho and Armanico (2002) when they acclimatised chestnut 
microcuttings for 42 days in environments of CO2 at 350 µ L
-1 and 700 µ L
-1 and 
PAR of 150 and 300 µmol m
-2 s
-1. There were significant differences in the shoot to 
root ratio at the high CO2 and high light but the improved growth response was not 
correlated to an improvement in survival. 
Cultures maintained in a culture room experience better environmental control 
compared to those kept under a cloche in the glasshouse. To produce an acclimatised 
plantlet, two cost factors are important: the cost of environmental control including 
temperature (air conditioning) and light as well as ventilation (including CO2 
enrichment), and labour costs. The main cost of controlling the growing 
environments (light and temperature) is electricity (Debergh 1988; Maene and 
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Debergh 1983). In terms of environmental control, the greenhouse is the least 
expensive environment for both S3 and S4. The cost of climate control in a 
greenhouse or laboratory is difficult to determine (Kozai et al. 1995). A simple 
comparison is to look at the cost of providing light for each treatment. Greenhouses 
are cheaper to build than laboratories — $170–180 m
-2 for a fully equipped 
greenhouse (Anonymous 2004) compared with $1000 m
-2 for transportable 
laboratory facilities. This makes the cloche using natural light about 10 times cheaper 
than a culture room under a normal light intensity 40–60 µmol m
-2 s
-2. 
Species that root quickly can be placed in a cloche at the S3 rooting stage while those 
that root more slowly should be kept in the culture room environment. Plants with 
fast rooting rates in vitro are good candidates for direct rooting ex vitro which offers 
significant savings in time, labour and agar costs (Douglas 1984). However, most ex 
vitro protocols have lower survival percentages after acclimatisation than those 
recorded here. For the two-step IVS protocol any cost saving from direct S4 rooting 
would need to be considered against the higher survival rates using IVS. It is also 
important to calculate survival from the number of shoots that are initially placed in 
the rooting medium, rather than reporting survival at rooting and survival of rooted 
shoots after acclimatisation separately. 
Whether the conclusions drawn here, that increased light and ventilation are not 
beneficial when an aerated substrate is used during rooting, apply to other species is 
of interest. It is possible that high CO2 and high light may be beneficial to species 
that are difficult to root given an aerated rooting substrate. 
This research demonstrates that IVS can be successfully used to acclimatise 
microcuttings of woody Australian plant species from the laboratory to the 
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greenhouse environment. These results suggest that plants being prepared for 
acclimatisation be first primed by rooting, followed by exposure to reduced relative 
humidity to stimulate the stomata, followed by exposure to increased light levels. 
The rate of these priming events will dictate the duration of S3–4 and will be 
determined by the time it takes the microcuttings to root. There is no reason to use 
high light unless CO2 levels are increased and even then the literature shows a 
positive physical response to CO2 dosing but an ambiguous survival benefit. CO2 
may have been limiting in this research but the most important issue for 
acclimatisation is survival efficiency and a capacity to continue growing in the 
greenhouse environment. Inducing other in vitro physical responses, except for 
rooting, do not need to occur in vitro. 
In conclusion, fast rooters can be placed into ventilated culture vessels, directly into 
the cloche, but slow rooters need to be held in non-ventilated culture vessels under 
low light in the culture room until the root initials have developed properly. They can 
then be ventilated and moved to the cloche to fully acclimatise. The environmental 
parameters used in this research, in conjunction with IVS, indicate that for several 
Australian plant species a simple low cost approach in conjunction with timing S3–4 
is adequate to manage the acclimation process associated with root initiation and 
elongation and the acquisition of photosynthetic competency. 
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10.1 Introduction 
From a horticultural perspective, agar is a very poor rooting medium. All roots need 
oxygen to grow (Handreck and Black 1991) and given the results in Chapters 2, 3, 4 
and 5, it begs the question — why use agar for rooting of plants in vitro, particularly 
Australian plants that have been shown to root poorly in this substrate? Any benefits 
of agar medium, e.g. control over components or the ease in making root 
observations, are far outweighed by its low air-filled porosity which inhibits the 
formation and growth of roots (Gislerod 1983). As an alternative to using agar to root 
microcuttings, IVS uses a sterile propagation mix with an air-filled porosity of 30% 
which can be forward integrated into S3. This eliminates the need to double handle 
microcuttings when they are transferred to the propagation area of the nursery to 
acclimatise. Microcuttings can be treated with auxin (via an agar medium pulse or a 
quick dip) prior to placement in IVS where they can remain for some time and be 
maintained, including adding water, until roots have formed and the microcuttings 
are acclimatised. 
The reason why plants root better on an aerobic medium such as IVS is clearly linked 
to increased medium porosity and most likely improved root respiration. Respiration 
drives the process of new root initiation, meristem development and the root 
elongation and maturation process. The root tips are active sinks of photosynthate. 
The establishment of photoautotrophism during acclimatisation requires functional 
roots and shoots capable of transpiration and photosynthesis. 
The inability of woody plants to induce adventitious roots limits cloning (Haissig et 
al. 1992) and the research in Chapters 3 and 4 demonstrates the efficacy of IVS for a 
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wide range of Australian plants including monocotyledons and dicotyledons, and 
woody and herbaceous material; in all cases, rooting in IVS was at least equal to or 
better than in agar medium. IVS is an in vitro culture system capable of assisting 
both rooting and the acquisition of photosynthetic competence which will improve 
the overall success and capacity of micropropagation for many species including 
Chamelaucium spp. (Chapter 2), Pimelea,  Conospermum and Eriostemon spp 
(Chapter 4) and lentil (Chapter 5) which have been previously classed as recalcitrant. 
IVS also provides a working model to further investigate not only in vitro rooting, 
but the processes associated with plant acclimatisation from the laboratory to the 
greenhouse environment. 
Acclimatisation includes both morphological and physiological adaptations. This 
thesis argues that acclimatisation success is the percentage of rooted microcuttings 
multiplied by the percentage surviving in the greenhouse and reporting data, such as 
that for rooting tea microcuttings, as 71.6% root induction followed by 73% survival 
(Sharma et al. 1999) is ambiguous; given the overall acclimatisation rate in this 
example is actually 52%. Root initiation is the beginning of acclimatisation. It is the 
key component of acclimatisation and greatly influences nursery survival.  
There is a good argument that the rooting and acclimatisation data associated with 
agar-based systems represents abnormal physiology and may not reflect normal plant 
behaviour. This point is well illustrated in Chapter 5 where attempts to root lentil 
microcuttings have led to some extraordinary explanations for phenomena which can 
be simply modeled on the physiology of waterlogging. 
Chapter 2 raises doubts about how to interpret past rooting and rejuvenation data 
where agar-based systems were used to assess rooting capacity. There are two 
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obvious S3 outcomes, the microcutting roots or does not root. However there is a 
third possibility where root initials form but, due to hypoxia, are unable to grow. In 
agar this root initiation would be masked and the microcutting counted as un-rooted, 
but in IVS the root development would be expressed. Chapter 2 showed that the 
capacity of Chamelaucium spp. to root was lost after extended hypoxia suggesting 
that the initial competency to root, as expressed with IVS, is transitional and can not 
be recovered by transferring the microcuttings back into porous medium. Perhaps a 
second auxin application could induce rooting but as a general strategy applying 
auxin twice does not make sense. As seen in Chapter 6, IBA pulsing is not an 
obligate requirement and some plants root spontaneously given the right 
environment. 
10.2 Waterlogging 
Relative tolerance of Australian plants to waterlogging varies (Paton et al. 1970) but 
to some extent inadequate oxygen always results in root dysfunction and depression 
of plant growth and development through interference in water relations, nutrition 
and hormone balance (Drew and Stolzy 1996). The negative effect of medium 
hypoxia is intertwined with problems of accumulating chemicals such as ethylene, 
ethanol (Ricard et al. 1994) and CO2 in non-porous rooting media. Waterlogging 
induces ethylene synthesis, a chemical associated with leaf epinasty and senescence 
(Bradford and Yang 1981) and aerenchyma development (Kawase 1981). Ethylene 
accumulation in the headspace of Carica papaya (papaya) nodal cultures decreased 
culture growth and promoted leaf senescence (Magdalita et al. 1997). Ethylene 
produced by roots in agar in response to hypoxia would be unable to diffuse quickly 
into the medium and could inhibit further root growth. However, under waterlogging, 
oxygen which is critical for root growth is the major factor. 
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Mitosis and respiration in roots require a minimum oxygen tension (Amoore 1961) 
which is limited by hypoxia found in agar media (Barrett-Lennard and Dracup 1988). 
It would be appropriate to use the model of waterlogging to explain poor rooting 
results in agar media. Although auxin type and concentration, pH, temperature, light, 
nutrients etc. all play a role, Chapter 3 strongly supports the hypothesis that medium 
aeration may be the primary driving force for rooting of many plants in vitro. 
The respiration studies in Chapter 7 were unable to adequately prove this hypothesis 
and further studies using oxygen micro-electrodes and root pressure probes (Gibbs et 
al. 1998) would provide a better understanding of agar versus IVS root physiology. It 
would be interesting to determine the proportion of oxygen that roots obtain through 
tissue diffusion compared with the proportion from agar medium. It is known that for 
some plants oxygen uptake from agar is negligible (van der Meeren et al. 2001). 
How oxygen influences the control of rooting for different plants is obscure (Haissig 
et al. 1992) but a testing model like IVS may be useful for applying current 
molecular marker technology to selected clonal material known to root reliably at 
different rates in porous and agar media. Plants from the Goodeniaceae root more 
easily in agar than plants from the Thymelaeaceae. Some of these plants may be 
good models to study the basis of easy versus difficult to root species.  
10.3 Effect on acclimatisation 
Poor rooting has a profound effect on acclimatisation success. For example, Glocke 
et al. (2006) report 62% rooting for a Eucalyptus seedling after a 7-day IBA 20 µM 
pulse followed by 4 weeks on agar root elongation medium. Of these only 58% 
survived acclimatisation; plants with ‘short thick roots died’ and the overall survival 
was 36% after six months In this case the poor root anatomy can be attributed to the 
use of agar rather than a porous medium. 
 Chapter 10. General discussion  179 
Ventilating the headspace removes toxic gases (ethylene, acetaldehyde), replaces 
CO2 and can lower the RH, all of which are beneficial to plant growth in vitro 
(Adkins et al. 2002; Jackson et al. 1991) and assist with the control of 
hyperhydricity. What proportion of these toxic gases found in the headspace 
originates from tissue directly associated with the agar medium? Other toxic agar 
medium responses may include the production of oxidative wound response 
chemicals such as polyphenols which can limit rooting. It may be possible to assess 
plantlet oxidative stress and help manage acclimatisation by monitoring headspace 
gases (Johnstone et al. 2006). 
The IVS culture vessel ventilates both the headspace and the rooting medium. The 
passive ventilation rates of the IVS system should contribute to modifying the 
abnormal features of the S2 culture-induced shoot phenotype so that morphology and 
physiology is closer to that of ex vitro acclimatised plants (Majada et al. 2000) 
normalising the leaf anatomy (Donnelly and Vidaver 1984) and function (De et al. 
1993; Fujiwara and Kozai 1995). Therefore, IVS not only improves the rooting 
performance, but these plants are primed for normal photosynthesis and adapt more 
easily to the greenhouse. Chapter 8 demonstrated that IVS-rooted plants can adapt to 
sun conditions and in Chapter 9 IVS-rooted microcuttings were successfully 
acclimatised to greenhouse conditions with a minimum of effort. The presence of 
normal roots is integral to the whole plant acquiring photosynthetic competence and 
surviving. 
10.4 The IVS approach 
IVS is simple to apply. Take-away food containers and propagation media are readily 
available. The actual components of the aerobic medium can vary as long as an 
adequate air-filled porosity is achieved and ideally the mix should be compatible 
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with the subsequent nursery activities associated with acclimatisation. The S2 
microcuttings must meet certain quality standards before they can be used in S3. The 
S2 material should be robust, capable of rooting and free of any morphological or 
physiological defects such as hyperhydricity. 
In conventional micro–propagation, microcuttings are rooted in agar medium for 
about 4 weeks after which rooted plants are removed and the agar is washed off 
(Desjardins et al. 1987). In IVS, the plants are rooted in the acclimatisation medium 
and there is no need to individually handle them at S4.1. Avoiding this additional 
step is cost effective (Debergh and Maene 1981) and reduces the stress imposed on 
the microcutting at the beginning of S4. A critical point analysis (Fig. 10.1) shows 
that by forward integrating IVS into S3, the microcuttings are not individually 
handled at S4.1 and, given they have normal roots at that point they will be less 
stressed by the time they reach the propagation area. 
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Fig. 10.1. Critical point analysis comparing acclimatisation stress at S3–S4 for 
conventional PTC and IVS rooting protocols. At the point of transfer from the 
laboratory to the nursery, environmental changes associated with the loss of sterility, 
light quality and intensity, relative humidity and temperature fluctuations impact as 
physiological stress on plants from both conventional agar-based PTC and IVS 
systems. Plants rooted in agar have the added trauma of being transplanted from agar 
to a propagation mix at this point, while plants in IVS systems remain undisturbed. 
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For plants that root quickly, the culture vessels can be placed directly into the nursery 
propagation environment to root. This reduces congestion in the culture room and 
lowers cost. Plants that root slowly can be left in the culture room until root initials 
form, the controlled environment of the laboratory which has been shown to be 
beneficial (Lineberger 1983), and then transferred to the nursery. Regardless of the 
rate of rooting, one benefit of rooting microcuttings using IVS is that the 
microcuttings remain undisturbed during the adaptation from the laboratory to the 
nursery. 
Chapter 6 illustrated the positive rooting effect of pulsing microcuttings with IBA. 
Not all species or selections within a species, grown in vitro require an exogenous 
application of auxin to root. For example, Bertazza et al. (1995) identified easy to 
root pear cultivars which required no auxin while the difficult-to-root cultivars did. 
The Eriostemon australasis selections in Chapter 4 also illustrate this point. In this 
thesis, auxin was successfully applied as an agar pulse or by a quick dip, the latter 
realising the benefits of traditional ‘ex vitro’ rooting and is a protocol which has been 
shown to work well on fast-rooting plants. Chapter 6 showed that auxin increases the 
rooting percentage and number of roots on a microcutting. Bearing in mind a 
dose/time response, it may be possible to get similar responses with different 
concentrations over different times. High doses of auxin compromise the overall 
quality of the microcutting by inducing excessive basal swelling due to uncontrolled 
cell division which in turn reduces root elongation. There may also be a root 
initiation benefit from placing the pulsed basal part of the microcutting in a darkened 
medium. Light reduction enhanced rooting in Rosa hybrida microcuttings after 
pulsing (Khosh-Khui and Sink 1982); the IVS mix may have a similar effect as it 
would darken the base of the microcuttings during rooting. 
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Once roots have been induced they need to grow and elongate to increase the 
root/shoot ratio. Chapter 6 showed that levels of exogenous auxin can influence root 
number. However Speer (1993) showed for several Myrtaceae species that as the 
concentration of auxin was increased in the rooting medium, an increase in root 
number was associated with a decrease in root length. Regardless, research with 
‘Gala’ apple microcuttings suggested only a limited association between initial root 
count and subsequent survival (Stimart and Harbage 1993). Root number may be 
important when microcuttings are water stressed. Under stress due to reduced 
relative humidity, Pseudotsuga menziesii (Douglas-fir) microcuttings with more 
roots had higher survival rates (Mohammed and Vidaver 1990) while under low 
stress, root number had no effect. It is important that the root meristems are actively 
growing, connected to the shoot and capable of increasing water status and 
physiological activity (Diaz-Perez et al. 1995) associated with Pn during 
acclimatisation, such as roots in IVS. S4.1 begins when the rooted microcuttings are 
placed in the propagation area cloche with the culture vessel lid removed. 
Microcuttings with higher rooting percentages will be good candidates for ex vitro 
rooting strategies involving shorter pulsing times. This research did not consider 
conventional ex vitro rooting but showed the cost benefits of ex vitro rooting, in 
conjunction with higher rooting percentages, can be achieved using IVS because by 
removing the double handling of shoots rooted in agar, the cost effectiveness of IVS 
is improved. Direct labour in the laboratory can contribute up to 51% of production 
costs (Chu 1992). The IVS model does not involve expensive lighting or CO2 
enrichment equipment. 
CO2 enrichment during acclimatisation was more effective than supplementary 
lighting in promoting S4 root growth for strawberry plantlets (Desjardins et al. 1987) 
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but for asparagus, in the absence of supplementary lighting, enrichment did not 
significantly increase root dry weight during S4 (Desjardins et al. 1990). Lakso et al. 
(1986) found that CO2 enrichment for grapevine improved both shoot and root 
growth and reduced the S4 period. 
IVS is a simple alternative to stimulating root growth in agar-based S3 cultures using 
CO2 enrichment (Monsseau 1986; Witjaksono et al. 1999). Even if, as in the case of 
red raspberry, root hairs were more abundant and longer in PA agar-based systems 
(Deng and Donnelly 1993) the strategy is counter-productive when compared to IVS. 
It is clear that CO2 enrichment and high light levels will improve plant growth 
generally (Desjardins et al. 1987) but if CO2 is not required to increase S4 survival 
then its use may be unnecessary. The gas and associated equipment is expensive to 
purchase and requires some maintenance. And there are occupational health and 
safety issues which need to be considered because the CO2 is classed as a suffocating 
gas and therefore culture rooms need to be fitted with alarms (Peet and Krizek 1997). 
The use of high intensity light should also be reconsidered in regard to occupational 
health and safety. Safety helmets and goggles should be worn in areas where high 
intensity lights are used. 
Systems similar to IVS have been reported (Nas and Read 2004) although their use is 
generally not widespread and are usually associated with PA growth studies. For 
example, in the 2005 Volume 41 Number 2 edition of In Vitro Cellular and 
Developmental Biology – Plant there were six articles which included rooting and 
acclimatisation protocols. Of these, four used agar (Thomas and Philip 2005; Rout 
2005; Kumar et al. 2005; Ozudogru et al. 2005), one direct-rooted in porous medium 
using a quick dip (Debnath 2005) and one, using Oasis
® foam, involved PA growth 
of a Eucalyptus hybrid (Tanaka et al. 2005). 
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Of these, Debnath’s (2005) work micropropagating five genotypes of Lingonberry 
(Vaccinium vitis-idaea), a woody fruiting shrub, is the closest to IVS. Microcuttings 
were pulsed with a commercial auxin powder, direct-rooted in a porous medium and 
acclimatised at rates of 80–90% (percentage rooting x percentage survival). The 
other plant which was propagated in a porous medium was a Eucalyptus hybrid 
(Tanaka et al. 2005) grown under PA conditions. Interestingly, this Eucalyptus did 
not root at ambient CO2 concentrations but did at 1000 ppm. This suggests that this 
species would not work well in the IVS model unless the culture vessels were in a 
CO2-enriched environment. Of the four agar-rooted species, two rooted and 
acclimatised well, e.g. above 80%, and two did not. Thomas and Philip (2005) 
achieved 92% acclimatisation with a medicinal climber (Tylophora indica) and Rout 
(2005) rooted and acclimatised an aromatic woody shrub (Murraya koenigii) at rates 
of 81%. These results suggest that both species would also perform well, possibly 
better, in IVS with minimal system modification. Ozudogru et al. (2005) reported a 
71% acclimatisation rate with a Virginia-type peanut and Kumar et al. (2005) had a 
maximum of 58% acclimatisation success with a mature woody medicinal tree 
(Holarrhena antidysenterica). Both of these species would probably benefit from 
IVS, particularly the medicinal tree because it had very poor root initiation and 
elongation in agar. 
10.5 Future research and applications 
In many respects, PA growing systems appear to be closer to modern micro-
hydroponics than PTC (Heo et al. 2001; Kozai et al. 2000). In this thesis, PTC 
systems are defined as aseptic IVS, at the time of placing a microcutting in the 
medium, is sterile and remains so until the culture vessel is opened under non-sterile 
conditions. Larger, semi-automated micropropagation systems are difficult to keep 
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aseptic (Aitken-Christie and Davies 1988). One of the benefits of PA systems, and 
IVS, is reduced consequences of contamination due to the sugar-free environment. 
The principles of hydroponics and the use of nutrient solutions are attractive 
compared to use of solid agar as a rooting medium. Modern hydroponics offer a high 
level of nutrient and environment control and nurseries which handle PTC plants use 
these technologies to great effect. 
The IVS model in this thesis has no added nutrients and nutrition will become an 
issue if plants stay in IVS for long periods. Further research into this may be 
beneficial because nutrients such as Ca(NO3)2 have been shown to stimulate root 
initiation (Druart 1997). The addition of basal nutrients to a liquid medium pulse 
increased percentage rooting for rhododendron (Douglas 1984). The addition of 
nutrients to IVS at any time is relatively easy to do in the same manner that nursery 
plants are fertilised. 
Forced ventilation systems are beneficial, especially in larger containers, for ensuring 
adequate CO2 is available, and normalising stomatal function (Zobayed et al. 2000a), 
but complications may arise associated with rates of ventilation and uneven CO2 
distribution due to internal culture vessel draft effects. Growth in IVS results from 
use of accumulated S2 starch or sugar or from Pn. IVS uses passive ventilation and 
the results of Chapter 9 suggest that Pn in IVS appears to become substrate limiting 
in high light. If required, the simplest way to add CO2 to IVS would be by placing 
the culture vessel into a high CO2 environment which for safety reasons could be self 
contained. 
The use of natural light is an attractive cost-reducing alternative to using expensive 
artificial lighting (Kodym and Zapata-Arias 1999) and natural light can be applied to 
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the IVS cultures in the propagation area. The light intensity can be controlled by the 
cloche cover and greenhouse screen shading. Good temperature control for supplying 
heat if required can be achieved by using a variety of heating cables and hot bed 
design. 
For species which are slow to root or which have low rooting percentages, the auxin 
pulsing protocols need reviewing. Auxin type, or types, concentration, exposure 
duration and timing are all areas which may require refinement. 
Further improvements to the IVS system may include other medium amendments. 
The addition of paclobutrazol to rooting medium increased survival of the critically 
endangered Western Australian species Symonanthus bancroftii to 90% compared to 
50% for non-treated plantlets (Panaia et al. 2000). The addition of activated charcoal 
to agar medium has been shown to assist with rooting microcuttings from mature 
stock plants. For example, Dumas and Monteuuis (1995) increased percentage 
rooting in mature Pinus pinaster explants from 49 to 78% when they included 
activated charcoal (20 g L
-1) in their agar-based root elongation medium. Charcoal 
could easily be added to IVS and may be useful in situations where chemicals such 
as polyphenolics are present. The addition of antioxidants, including citric acid, to a 
Stage 3.2 Milcap plug medium with apple microcuttings improved rooting 
percentages (Standardi and Romani 1990). These results suggest that applying 
antioxidants to reduce peroxidase activity during root initiation promotes rooting. 
10.6 Conclusion 
The commercial success of a PTC program is based on the cost of production per 
plant unit and the market demand of the species in question. S3 rooting percentage 
and S4 survival percentage are key inputs into determining the cost per plant unit and 
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IVS has been shown to improve both and is a more reliable way to root and 
acclimatise plants compared with conventional agar-based systems. 
IVS is a generic rooting protocol with wide genotypic application and is suitable for 
R&D activities that require clonal plants for further evaluation. IVS is suitable for 
breeding programs using embryo rescue techniques that produce large numbers of 
putative hybrids (Chapter 2). 
Roots synthesise plant growth regulators, such as cytokinin, which also move to the 
stem influencing shoot development. Furthermore, cytokinins have been shown to 
affect stomata function (Torrey 1976). During S4, shoot growth of Rosa multiflora 
occurred after rooting had taken place (de Riek and van Huylenbroeck 1994). 
Therefore, functioning roots at the point of acclimatisation should contribute to the 
normalisation of overall shoot growth ex vitro and help to develop a normal ‘whole 
plant’ physiology. 
The IVS model suits phytopathological investigations because it is aseptic and 
supports normal plant growth and will be useful for studying endophyte enhancement 
of transplant performance (Nowak and Shulaev 2003; Nowak et al. 2004), the 
beneficial effects of rhizosphere bacteria (Glick 2004; Kloepper et al. 2004) and 
mycorrhizal associations (Vosatka et al. 2000; Declerck et al. 2002) on root growth 
and acclimatisation (Moraes et al. 2004). In conjunction with a PTC program 
producing uniform clonal material which roots quickly and reliably, IVS has the 
benefit of removing many of the environmental variables associated with traditional 
pot studies in the greenhouse. IVS may be useful to study the mechanism of 
phosphite-induced resistance to Phytophthora spp. 
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When technology such as IVS is introduced, several simple questions should be 
asked to assess its potential uptake and further development. Firstly, is it feasible? 
Yes the IVS protocol has been demonstrated on a wide variety of plants including 
many classed as difficult to root. Is it economical? Yes, IVS technology is easily 
affordable and works on the principle of least effort. It will lower the cost per unit 
and has several material handling features which are superior to agar-based systems. 
Is the technology safe? Yes, there are no occupational health and safety issues 
associated with the use of IVS. Is there a need for the new technology? Yes there is. 
Conventional agar-based rooting systems do not work well for many plants, while 
IVS does and the model clearly explains why. 
In conclusion this thesis makes the following two observations regarding in vitro 
rooting and acclimatisation: 
1) The objective of S3 is to root S2 microcuttings and the use of hypoxic rooting 
media  in vitro is incompatible with our understanding of plant physiology and 
conventional nursery practice. The forward incorporation of a porous rooting 
medium such as IVS into S3 produces normal roots which grow vigorously during 
acclimatisation and can accommodate modern nursery practices including the use of 
plugs. 
2) There is little benefit of inducing photoautotrophic growth in vitro if it does not 
improve survival outcomes. High light intensity, a critical component of PA, inhibits 
rooting (Gislerod 1983). Some PA-grown plants, such as Hypericum perforatum, 
grow faster than agar-rooted plants during acclimatisation (Couceiro et al. 2006) and 
the cost of PA culture should be compared to IVS. When compared to agar systems, 
PA plant production may reduce the cost per acclimatised plantlet (Cui et al. 2000) 
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but so may IVS. In most cases a cost benefit analysis will indicate that capital and 
maintenance costs would be better spent upgrading greenhouse facilities rather than 
investing in CO2 enrichment and extra lighting (and cooling) in the laboratory. 
Zobayed et al. (2000b) has justified the expense of electricity and CO2 enrichment 
(Zobayed et al. 2001) but in many cases they are unwarranted. Greenhouses are 
much cheaper to run than laboratory culture rooms and, if required, supplementary 
lighting applied after transplanting can enhance growth (Carpenter and Beck 1973; 
Lopez and Runkle 2005). Using natural light has been shown to improve 
photosynthesis for acclimatised coconut palms (Talavera et al. 2005). 
The overall efficiency of a PTC propagation program can be measured by its ability 
to produce hardened off plants in the nursery. The advantages offered by IVS make it 
important to examine the use of this, or similar IVS like systems, when developing 
propagation protocols for new crops, attempting to reduce the cost of 
micropropagation and producing transgeneric plants, for example, basic research in 
the area of functional genomics (Phillips 2004). 
The objective of this thesis was to investigate the effect of rooting medium porosity 
on in vitro rooting performance. It has been shown that in vitro protocols that utilize 
a porous rooting medium can stimulate normal root growth and greatly assist 
survival for a wide range of Australian plants. This may help increase the range of 
species of Australian plants being propagated using plant tissue culture, for either 
commercial or scientific use. 
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